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Mechanistic studies of ion binding and inactivation in the potassium channel KcsA  
by solid-state NMR  
Manasi P. Bhate 
The prototypical prokaryotic channel, KcsA, is model system for mammalian potassium 
channels. This thesis describes solid-state NMR studies of the conformational dynamics 
involved in ion binding and channel inactivation. Our studies are conducted on the full-
length wildtype channel incorporated into native-like lipid bilayers. We focus on the 
selectivity filter, which is a key conserved region across all potassium channels and is 
responsible for the selective passage of potassium ions across cellular membranes.  
 KcsA is known to alter the structure of its pore as a function of the ambient 
potassium level; at high potassium the selectivity filter adopts a conductive state with 
high ion occupancy and at low potassium it collapses into a non conductive state with 
reduced ion occupancy. We report solid-state NMR resonance assignments for ~ 200 
15N and 13C atoms in KcsA using two and three dimensional correlation spectroscopy. 
Using the assignments we characterize the conductive and collapsed states of the 
selectivity filter and show that the transition between the states occurs at a K+ 
concentration of 1-15 µM. We interpret the shape of the binding curves in terms of the 
complex equilibria involved in the structural collapse of the filter. Our results describe 
the detailed structural and kinetic landscape of the selectivity filter as it collapses at low 
potassium. 
 To gain more mechanistic insight into the physiological role of the collapsed 
state, we conduct studies of an inactivation resistant mutant of KcsA, E71A. C-type 
inactivation is the potassium and voltage dependent closure of the outer mouth of the 
channel and is a clinically important process in mammalian potassium channels. We 
show that the collapsed state is similar to the inactivated state in terms of structure and 
chemical shifts, which establishes that inactivation processes can be studied by lowering 
the ambient potassium level. We also use site-specific chemical shift tensor 
measurements, to show that glutamic acid 71 is protonated at neutral pH and therefore 
must have an abnormally high pKa (>7.5). Our studies clarify a previous inconsistency 
in the literature regarding the pKa of E71 and propose a new model for the role of E71 
in channel inactivation. 
 The results have led to insights into the molecular factors that stabilize the 
collapsed or inactivated state of the channel, and firmly establish KcsA as a model 
membrane protein system for future studies of structure and dynamics by solid state 
NMR. 
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1.1. Potassium channels: Why do we care? 
Potassium channels are proteins found in the cellular membrane that selectively 
conduct potassium ions across the membrane. They are involved in a variety of 
important physiological processes, including the generation of action potentials, which 
are the primary means of inter-cellular electrical communication, osmoregulation that is 
the process by which cells maintain electrolyte balance, and signal transduction, the 
process used by cells to transmit information. 
The most basic role of K+ channels is to set the trans-membrane resting potential in 
cells. The resting potential is a measure of the voltage difference between the 
intracellular and extracellular environment. The insides of cells are typically more 
negative than their surroundings on the other side of the plasma membrane. Precisely 
timed changes in the cell membrane potential of excitable cells like neurons and 
muscles form the basis for cellular electrical signaling, which is a fundamental life 
process.	  A typical excitable cell in the human body has an internal K+ concentration of 
120-150 mM, an external K+ concentration of 3-4 mM, and an overall resting potential of 
-70 mV, which is higher than the Nernst potential† for K+ alone1. Typically, during an 
action potential, the membrane is depolarized by the inward flow of cations like Na+. 
                                                
† The Nernst potential is the voltage that needs to be applied across the membrane to prevent the flow of 
ions down their concentration gradient. It is calculated using !!" = !"!" !" [!]!"#[!]!" ; where R is the gas 
constant, T is the temperature, z is the valence of the ionic species and F is faraday’s constant. The Nernst 
potential for K+ in a typically cell is around -95 mV. 
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Open K+ channels therefore usually lead to an outward flow of K+ ions that lowers the 
membrane voltage back to its resting state.  
K+ channels are very important from a pharmacological perspective. The 78 
different known voltage-gated K+ channels make up about half of all voltage gated ion 
channels in the human genome and are the third largest family of signaling molecules, 
following G-protein coupled receptors and protein kinases.2,3 In the human heart, the 
hERG potassium channel sets the membrane potential and contributes to the membrane 
repolarization after every heartbeat. Mutations and deletions in the hERG gene lead to 
irregular heartbeats and cardiac arrhythmia.4 In fact, because the timing of the heart 
beat is so crucial to life, every commercially available drug is screened for promiscuous 
binding to the cardiac hERG K+ channels, as part of the US governmental drug approval 
process.5 Potassium channel modulators are already clinically used to treat type-2 
diabetes and cardiac arrhythmia3 and are also considered to be important drug-targets 
for epilepsy, memory disorders, chronic pain, cardiac and brain ischemia, hypertension, 
bladder over-reactivity, immunosuppression, and cancer.6  
Potassium channels are structurally diverse and expressed ubiquitously in species 
ranging from bacteria and viruses to plants and humans. On one end of the spectrum is 
the viral potassium channel ATCV-1, which is only about 82 amino acids long with two 
transmembrane helices, a pore helix and a selectivity filter region7; on the other end lies 
the human hERG channel, which is over 1160 residues long, has six transmembrane 
helices, a pore helix, a filter, a large regulatory cytoplasmic domain and many 
isoforms.8 In between lie numerous combinations of structural motifs that make up the 
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different voltage-gated and ligand-gated K+ channel families. A summary of the various 
known unique K+ channel structures in the protein databank is shown in Figure 1.1. 
All K+ channels typically share a conserved selectivity filter region that chelates 
multiple K+ ions in a single file and allows them to flow through the channel, but there 
are myriad different regulatory domains that can interact directly or allosterically with 
this conserved region of the pore. The details of how these various pieces fit together to 
generate a coordinated response to changes in the membrane voltage differ depending 
on the specific function of the channel. Continued structural and mechanistic studies of 
K+ channels are therefore very important to understanding the evolution of structural 
and regulatory complexity in mammalian channels.	  
From a mechanistic biophysical perspective, K+ channels provide a rich 
playground to explore a variety of important general principles that are applicable to 
many signaling systems. These channels exhibit a wide range of conformational 
dynamics while opening, closing, inactivating and conducting ions. How these different 
modes are coupled and what physical factors govern the transitions from one state to 
another are important and interesting mechanistic issues.  
One particularly challenging problem is how K+ channels catalyze the fast 
passage of a charged ligand (K+) through a lipid bilayer, an inherently unfavorable 
process due to the low dielectric constant of the lipids. K+ channels are able to catalyze 
ion transport through this low dielectric environment with high selectivity for K+ over 
other small monovalent cations, while retaining a high conduction rate.9	  This	  is	  puzzling	  
because	   selectivity in binding typically involves a relatively high affinity for some 
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intermediate of the process, which could result in slow kinetics of release or escape 
from that state. While there is indeed evidence that K+ binds with a micromolar affinity 
inside these channels10–12 and with more than three orders of magnitude better affinity 
than other ions such as Na+13, this does not impede a nanosecond conduction rate 
through the channel, which is interpreted as being diffusion limited. Therefore the 
mechanisms by which diffusion-limited kinetics and high selectivity are simultaneously 
achieved are of great interest.	  
For these various pharmacological, structural, and mechanistic reasons, 
potassium channels have been the subject of intense study for many years and continue 
to be an area of active research.	  	  






Figure 1. 1. A collection of structures of various potassium channels deposited in the 
protein databank are shown. Although there are over 200 structures in the databank 
annotated as K+ channels, there are only a handful of unique structures that show 
both the transmembrane and the cytoplasmic regions of the channels. The structures 
are predominantly bacterial channels including KcsA (PDB: 3EFF), MthK (PDB: 
1LNQ), KirBac (PDB: 2WLL) and KvAP (PDB: 1ORQ) although recently there has 
been a steady stream of mammalian channel structures being solved including 
Kir3.2 (PDB: 3SYA), Kv1.2 (PDB: 2A79) members of the human two pore family 
TWIK-1 (PDB: 3UKM) and TRAAK (PDB: 3UM7).	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1.2. KcsA as a model system for potassium channels 
1.2.1.  A Brief History 
The existence of K+ channels had been proposed as early as 1955 when Hodgkin and 
Keynes used 42K+ to measure the directional flow of K+ across axonal membranes.14 Of 
course, at that point the molecular details of how the K+ was being transported were 
unknown, but using kinetic measurements and excellent intuition, they suggested that 
the ions must move in a single file across the membrane and proposed a “knock on” 
mechanism by which ions repelled each other as they passed through the channel. 
Throughout the 1960s and early 70s, Armstrong, Hille and others used a variety of 
toxins to selectively block various currents, developing a theory of ion selectivity and 
gating 15–17. Throughout this period, it was well accepted that electrical signaling was 
physiologically very important and although the biophysicists were still working out 
the molecular mechanisms, electrophysiological measurements of various animal heart 
models showed that directional K+ currents were crucial to maintain the heart beat and 
that the inhibition of these currents led to various cardiovascular problems 18,19. 
In 1976, Neher and Sakman published a seminal work in which they described 
isolated ionic currents from the acetylcholine receptor using a new method that they 
invented called patch-clamp 20. While previous electrical measurements made with 
electrodes in axons and native muscles suffered from a large background signal from 
other channels, this method allowed the study of a single or a few ion channels in a 
membrane, which yielded a much cleaner description of gating and kinetics. The 
method had such a big impact on the field of ion channels that they went on to win the 
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Nobel prize in medicine in 1991.  Using these patch-clamp methods, several different K+ 
currents were identified and characterized in great detail through the late 70s and early 
80s, but it was not until the advent of the modern molecular biology techniques that the 
cloning of the Shaker K+ channel gene from Drosophila melanogaster by Lily Jan and 
coworkers yielded the first amino acid sequence of a K+ channel.21  
Using a clever combination of toxins and mutations, Miller and Mackinnon were 
able to identify the amino acids that line the pore of the K+ channel.22 As more K+ 
channels were discovered, it became apparent that various channels from different 
organisms all shared a conserved 5 amino acid sequence TVGYG, which is now known 
to be the key K+ binding element that determines ion selectivity. However, in the 
absence of a three-dimensional structure, the atomic details of how this motif achieved 
selectivity remained unclear.23 The big challenge for structural studies was the ability to 
produce larger- i.e. milligram- quantities of pure protein that was stable over the time 
course of at least a few days in detergents for crystallization trials, as opposed to 
functional studies, which required only microgram quantities of proteins that were 
typically never extracted from their native cell membrane. 
 In 1998 Schrempf et al. reported the identification, functional expression, 
purification and electrophysiological characterization of a new K+ channel from the 
Gram-positive soil bacterial Streptomyces lividans.24 They called the channel KcsA and 
predicted that this 17.6 KDa protein had two transmembrane domains and a conserved 
K+ binding domain. It presented a smaller and more manageable protein that still 
showed high sequence homology and similar pharmacological characteristics to the 
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Shaker K+ channels. Mackinnon and coworkers were able to clone KcsA into E. Coli and 
express it in milligram quantities. In collaboration with the group of Chait, they used 
mass spectrometry to identify that the C-terminus was disordered and needed to be cut 
off for protein stability. By 1998 they published the first ever high-resolution three-
dimensional structure of an ion channel – a 3.2Å structure of the transmembrane region 
of KcsA25, which remarkably proved Hodgkin and Keyes’ original hypothesis of a 
narrow single file of ions through the pore of the channel.   
A few years later in 2001, Mackinnon et al. used selective antibodies to stabilize 
the structure and published a set of higher resolution (2 Å) structures, which showed 
that the selectivity filter of KcsA could adopt two different conformations. At high K+ 
the selectivity filter adopted a so called “conductive” conformation, in which partial K+ 
ion occupancy was detected at all four of the K+ binding sites inside the pore and the 
ions lined up in a straight file; at low K+ it adopted a “collapsed” conformation with 
lowered ion occupancy and the selectivity filter pinched inwards.26–28 It is this transition 
from the conductive to the collapsed state that is the major subject of this thesis. The 
group of Mackinnon also solved crystal structures of many other K+ and Cl- channels 
and for these contributions; Mackinnon shared the 2003 Nobel prize in Medicine with 
Peter Agre, who studied water channels called aquaporins.  Since their first crystal 
structure, there has been a steady stream of structures of KcsA populating the protein 
data bank (PDB), including recent full-length structures by Kossiakoff with an intact C-
terminal domain.29 Due to this wealth of structural information, and the fact that KcsA 
can be expressed with a high milligram yield and is stable over a wide range of 
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temperatures, KcsA has been the subject of numerous biophysical studies over the last 
decade. 
 
1.2.2. Structural Landscape of KcsA 
With two transmembrane helices (TM), KcsA falls in the category of 2TM channels. It 
exists as a homotetramer, with 160 amino acids in each monomer, of which ~100 form 
the transmembrane region and the rest are in the N- and C- termini. The tetramer 
adopts a conical shape that creates a broad extracellular mouth for the channel and a 
relatively narrow helical bundle crossing at the intracellular side as shown in Figure 1.2. 
Like most other potassium channels, KcsA has a conserved selectivity filter 
region, shown in detail in Figure 1. 2. The filter consists of the five amino acids TVGYG 
oriented such that their backbone carbonyl atoms all face inwards to chelate a 
dehydrated potassium ion. The geometry of the chelation environment is best described 
as a square anti-prism.25,26 Each binding site is a cage formed by eight oxygen atoms on 
the vertices, i.e. a twisted cube with almost equal K+-O distances for all of the 
coordinating bonds. In chapter 2, it is shown that this unique structure is very 
advantageous for site-specific NMR studies of KcsA. The selectivity filter is also 
supposed to mediate channel inactivation, discussed in greater detail in chapter 5. 
Typically potassium channels exhibit two types of inactivation. N-type inactivation 
involves the intracellular blocking of the channel by the N-terminus or by other 
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moieties; C-type inactivation involves a slower closing of the outer mouth of the 
channel.30  
KcsA also has a short tilted pore helix right behind the selectivity filter. On this 
helix reside many amino acids that hold the selectivity filter in a tense conductive 
structure, and as discussed in chapter 5, mutations in this helix can lead to significant 
changes in the inactivation gating of the channel.31,32 The dipole moment of this helix 
(indicated in Figure 1.2.) is also hypothesized to stabilize K+ binding in the water filled 
cavity region that exists right under the selectivity filter in the middle of the membrane.  
At the intracellular side of the channel lies a pH gate, which consists of a network 
of hydrogen bonds between arginine and glutamine residues. The protonation of these 
residues at ~ pH 5.5 allows the helical bundle at the intracellular side to twist and splay 
open for K+ conduction.33 The transmembrane helices are expected to have a kink in the 
middle (around a conserved glycine 99) that is proposed to be the hinge around which 
the helices bend.  
The C-terminus of KcsA is by far the least structurally characterized domain of 
the channel. Recent crystal structures stabilized by antibodies suggest that it is 
comprised entirely of a tetrameric coiled-coil motif;29,34 however NMR studies without 
the antibody suggest that it may have a mixed helical and loop structure.35,36 The C-
terminus is known to be dynamic and it is quite possible that it can adopt many 
different structures. C-terminal truncated KcsA shows a marked change in its gating 
kinetics,34 also highlighted in Figure 1.2. Since the C-terminus is directly connected to 
the second transmembrane helix and is fairly bulky, it is not surprising that its 
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truncation affects gating. However, as Figure 1.2 shows, the C-terminal domain is the 
most diverse across the various potassium channels, so it is unlikely that the details 
specific to the C-terminus in KcsA would be relevant for the studies of other channels. 
	  
Figure 1. 2. A summary of the important regions of the KcsA structure is shown. The 
figures in the panels are adapted from various published work from the groups of 




1.2.3. Plasticity in the Selectivity Filter of KcsA 
 Crystallography under various ionic conditions suggests that the selectivity filter of 
KcsA is able to adopt a range of different structures depending on the identity of the 
permeating ion. Crystal structures of KcsA have been solved in the presence of a variety 
of different cations including Li+, Na+, K+, Rb+, Cs+, Ba2+ and Tl+. These various 
structures are overlaid with the high K+ state in Figure 1.3. The structures can be 
classified into two broad categories – the conductive structures shown in shades blue 
and the collapsed structures shown in shades of red but there are also minor excursions 
of backbone carbonyls within each category. Given that most of the crystal structures 
have a resolution in the range of 2-3 Å, it is difficult to meaningfully interpret these 
minor excursions, but there is much debate in the field regarding the importance of 
plasticity for K+ selectivity.37  
The collapsed or non-conductive state is observed in the presence of excess Na+ 
and low‡ K+, and involves subtle conformational changes at the backbones of V76 and 
G77, which are at the center of the selectivity filter.  The Cα carbon of G77 moves 
inwards relative to its position in the conductive state, and the V76 backbone carbonyl, 
which chelates K+ at S2 and S3 in the conductive state, moves sideways so that it is not 
in register with the other carbonyl backbones. These changes destabilize the S2 and S3 
binding sites so that ion occupancy is only seen at S1 and S4. The collapsed state of the 
                                                
‡ Low K+ refers to ~3 mM K+ in the crystal structures. However the pinched state has also been observed 
in crystals prepared with negligible/”0” K+. 
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channel is hypothesized to resemble an inactivated state of the channel that is typically 
accessed at high K+ after pH dependent channel opening. We test this hypothesis in 
chapter 5. The mechanistic reason for the structural similarity between the low K+ 
pinched state and this high K+ inactivated state is not yet known.  
The ion occupancy of the collapsed state is unclear because sodium and oxygen 
are very close in terms of their electron diffraction, so it is often difficult to distinguish a 
Na+ from a water molecule by crystallography. We address this issue in more detail in 
chapter 4.  
 
Figure 1. 3. Various structures of the selectivity filter of KcsA are shown. The ion 
occupancies are not shown. In (A) an overlay of selectivity filter structures derived from 
deposited PDB files are shown. The structures resembling the conductive state are 
shown in shades of blue. (PDB: 1K4C, K+; 1R3I, Rb+; 3GB7, Li+; 1R3L, Cs+; 2ITD Ba2+; 
1R3J,1R3K Tl+). The structures resembling the collapsed state are shown in shades of 
red. (PDB: 1K4D, low K+/high Na+; 2ITC high Na+). In (B) the backbone structure of the 
conductive state (PDB: 1K4C) and the collapsed state (PDB: 1K4D and 2ITC) are 




1.2.4. How good is KcsA as model for mammalian channels? 
Due to the wealth of structural information on KcsA, its experimental feasibility, and 
high sequence homology to the pore domains of mammalian channels, KcsA has 
become the favorite model K+ channel to study more detailed mechanistic issues. But 
how good a model is it for mammalian channels? 
 Sequence homology and coordinates from the various unique three-dimensional 
crystal structures suggest that the sequence and geometry of the selectivity filter is 
relatively conserved across most K+ channels. Therefore the mechanisms for selectivity, 
ion binding and fast conduction are probably also conserved across the K+ channel 
family. This makes KcsA a good model for processes related to ion binding and 
conduction, as it presents a cleaner and more manageable system that still retains 
features very similar to mammalian channels.   
 In terms of gating, the conservation of mechanism is not as apparent. Potassium 
channels have evolved to gate in response to a variety of different stimuli. KcsA is a 
2TM channel gated by intracellular pH, and while there do exist an important family of 
inward rectifying Kir channels in mammals that are also 2TM proteins, the vast 
majority of mammalian channels are 6TM channels with a voltage sensing domain that 
is absent in KcsA.38 Furthermore, as apparent in Figure 1.1, there exist a wide range of 
different intracellular domains in the various potassium channels, which are typically 
involved to different extents in gating the channel. Therefore while studies of gating in 
KcsA can lead to interesting general insights regarding which parts of the protein move 
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in response to channel opening and closing, the details of the timescales and trajectories 
of the gating motions will almost certainly differ from mammalian channels.  
Mechanistic studies of reaction trajectories almost always rely on a high-
resolution crystal structures to define the limiting states and it is in this capacity that 
high-resolution x-ray structures crucially impact mechanistic biophysics, although they 
may not always represent functional states. With over 50 different crystal structures in 
the PDB that represent a variety of different states of the channel, KcsA is clearly the 
best and most widely characterized ion channel in terms of structural states. This has 
led to numerous biophysical studies using NMR35,36,39,40, EPR41,42, microscopy43,44, 
electrophysiology 11,33,45,46 and other experimental methods 47, as well as computational 
methods including molecular dynamics48,49, electrostatic simulations50  and quantum 
mechanical simulations.51  
The biophysical Holy Grail is to be able to connect these various conformational 
states that are trapped by crystallography to states that are sampled during the course 
of normal channel function. Making the connections often involves making kinetic 
measurements to describe the transitions between the different states. NMR is a great 
technique to connect protein structure with dynamics. This thesis, we use NMR to 
characterize the K+ concentration dependent interconversion between the conductive 




1.3. Solid-state NMR studies of membrane proteins 
1.3.1. What is unique about solid state NMR? 
Solid state NMR is an atomic resolution spectroscopy that uses the interactions of 
nuclear spin magnetic moments with static magnetic fields and applied radio-frequency 
fields to study the structure and dynamics of solids. Although many aspects of solid 
state NMR are the same as the older and more established method of solution state 
NMR, there are some unique characteristics that primarily arise from the fact that the 
samples are solid. 
For an NMR point of view, solids consist of molecules whose whole body motion 
is significantly slower or negligible compared to the NMR timescale, which is on the 
order of several kilohertz. For spectroscopy, an important consequence of this is that 
unlike in solution, the anisotropies in nuclear spin interactions studied by NMR, such as 
the chemical shift, the dipolar coupling and the quadrupolar coupling are not averaged 
out in the solid state. This means that their magnitude depends not only on local effects, 
but also on the orientation of the molecule relative to the external magnetic field. The 
presence of anisotropy means that solid state NMR can fully detect both the orientation 
dependence of these interactions and changes in the orientation dependence, which may 
be induced by local structural and dynamic changes in the sample. The flip side is that 
the anisotropies typically affect the resolution of the spectra by broadening the detected 
frequencies. For complex molecules like proteins, this poses a significant challenge, so a 
variety of strategies including sample alignment, magic angle spinning and radio-
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frequency (RF) induced recoupling and decoupling need to be used in order to both 
preserve resolution and access anisotropic information. 
A second consequence of samples being solids is that spectra can be collected at a 
wide range of temperatures and pHs, ideally limited only by sample melting or 
degradation. This is in contrast to solution state NMR for which the accessible sample 
temperatures are dictated by the optimal rotational correlation time of the molecule. 
Slow reorientation on the NMR timescale is the principal reason that it is difficult or 
impossible to obtain high-resolution spectra of proteins that are large, aggregated, or 
incorporated into supramolecular assemblies using solution NMR methods.52 
Additionally, the pH for a protein sample is typically optimized to minimize amide 
exchange for solution state studies, which is not necessary in the solid-state. Solid state 
NMR is also unlike x-ray crystallography, which is typically done at liquid nitrogen 
temperatures to reduce beam damage, and cryo-electron microscopy, which is also 
done at cryogenic temperatures. This ability to make measurements over a wide range 
of temperatures makes solid state NMR an ideal method for studies of thermodynamics 
and kinetics of molecules, which are often temperature dependent processes. 
In the protein world, solid-state NMR also has particular impact as a method to 
study samples that are not natively soluble in water. Due to their natural residence in 
lipid bilayers, membrane proteins fall into this category, as do amyloid fibrils and large 





1.3.2. Solid state NMR methodologies for membrane proteins 
There are two different solid-state NMR methodologies used to study membrane 
proteins and recover both the resolution and anisotropic information. In both 
approaches, radio frequency pulsing is used to modulate the spin interactions, but 
different strategies are used to deal with the spatial anisotropy. 
 The first approach involves using oriented lipid bilayers. Protein samples are 
typically sparsely isotope labeled (for example, with 15N at the amide nitrogen position) 
and then inserted into lipid membranes that are aligned in a particular direction relative 
to the external magnetic field. Using experiments like PISEMA53 or SAMMY54, an 
orientation-dependent dipolar coupling (typically the 1H-15N coupling) can be 
measured for each labeled site.52 This information can be use to derive restraints to 
determine the protein’s orientation in the phospholipid bilayer. Tim Cross and 
coworkers used oriented bilayers to study gramicidin in the early 1990s.55 Since then 
there have been several structural and dynamic studies on membrane protein systems 
using aligned membranes including the segments of the nicotinic acetylcholine 
receptor56, a variety of viral coat proteins57,58, the mercury transporter MerF59 and the 
human cardiac muscle regulator phospholamban60. 
 The second approach requires using magic angle spinning (MAS) to obtain high-
resolution spectra of uniformly or sparsely isotope labeled samples. MAS involves 
spinning an unaligned sample at a frequency of 1 - 60 KHz and at an angle of 54.74° 
relative to the external magnetic field. The magic angle is the root of the second order 
Legendre polynomial (3 cos2θ -1 = 0), and as early as 1958, Andrew and coworkers61 
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showed that any interaction which depends on this second-order Legendre polynomial 
is suppressed if samples are spun at the magic angle. By averaging out a large part of 
the anisotropy in the chemical shift and the dipolar coupling, MAS yields sharp 
resonance lines with liquid-like isotropic chemical shifts. The extent of the averaging 
depends on how the MAS rate compares to the size of the interaction that is being 
averaged. In combination with recoupling sequences, MAS can be used to get a diverse 
set of structural and dynamic restraints including distances, torsion angles and the 
amplitudes and timescales of motions.   
The first 3D structure by MAS methods – the structure of a microcrystalline 
protein SH3 - was published in the early 2000s.62 Since then there have been a large 
number of 2D and 3D correlation techniques used to study proteins by MAS.63–67 Due to 
various technical issues discussed in chapter 2, MAS methods have only been applied to 
a few membrane proteins: Rhodopsins68–70, the influenza M2 channel71,72, the disulfide 
bond forming enzyme DsbB73 and the K+ channel KcsA (also the topic of this thesis) are 
some of the more extensively studied membrane systems. A complete list of proteins 
with deposited assignments from MAS methods is in chapter 3. Although there are only 
a handful of systems right now, the number is steadily increasing as the technology 




1.3.3. Selected mechanistic contributions of solid state NMR studies 
Since this thesis is a mechanistic study of KcsA using solid state NMR, it is useful to 
discuss what types of measurements are possible and the kinds of insights they could 
yield. To this end, I have chosen to briefly highlight two examples from the recent 
membrane protein literature in which data from solid state NMR has helped illuminate 
key mechanistic issues. Comprehensive overviews of solid state NMR studies of 
membrane proteins can be found elsewhere.74,75 
The first system I want to highlight is the M2 proton channel from influenza A 
virus. The transmembrane regions of this channel form a tetrameric pH-activated path 
for protons to flow through. The mechanism of drug binding to this channel is of great 
interest for the pharmacological targeting of viral life cycles and M2 has been the subject 
of extensive study. In 2008, two structures of the M2 channel were published that 
showed conflicting binding sites for the drug amantadine. A 3.5-A ̊ x-ray crystal 
structure from the group of DeGrado76 showed the binding site inside the N-terminal 
pore, whereas a solution NMR study by Chou77 and coworkers showed drug-protein 
Nuclear Overhauser Effects (NOEs) for residues on the C-terminal side of the protein.  
The two studies used different drug concentrations, protein constructs, pH, and 
detergents so the origin of the difference was unclear. Hong and coworkers used solid 
state NMR REDOR experiments to measure the distance between a 13C labeled M2 
peptide and a deuterated molecule of the drug amantadine. Using titrations, they 
showed that the first stoichiometric equivalent of the drug binds with high affinity to 
the N-terminal and the excess drug binds with a lower affinity to the C-terminal.78 
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Using static 2H lineshapes they were also able to show that the orientation of the drug 
was different in these two binding modes. Hong et al. have also used pH dependent 
isotropic shifts and torsion angle measurements to determine the protonation and 
rotameric states of the key residue His 37, and dipolar order parameter measurements 
to show that the imidazole ring of this histidine reorients on a timescale that is relevant 
for proton conduction.72,79 Using a variety of solid-state NMR measurements, several 
important mechanistic issues about M2 structure and function have been resolved. 
 
Figure 1. 4. Solid state NMR studies of the M2 channel are shown. In (a) and (b) and 
(c) 2H solid-state NMR lineshapes that were used to determine the orientation and 
dynamics of a amantadine bound to the M2 channel are shown. In (d) and (e) the 
orientation of the channel relative to the lipid bilayer normal as derived from NMR 




Another system that has been recently studied by solid state NMR is Rhodopsin. 
Rhodopsin is a G-protein coupled photoreceptor that is associated with the light 
sensitive molecule retinal. Retinal is bound to rhodopsin as a protonated Schiff base, 
and the absorption of light catalyzes a rapid cis-to-trans isomerization in retinal, which 
activates the receptor. The molecular mechanism by which the isomerization of retinal 
leads to the activation of distal parts of the protein has been the subject of ongoing 
study for several decades. The Brown group recently published an elegant series of 
papers68,80,81 that highlight the importance of retinal dynamics for the function of 
Rhodopsin. Using 2H lineshapes of methyl-deuterated retinal, they determined the 
relative orientations of the three planes of the retinal molecule in the dark state of the 
protein and then tracked the changes upon light absorption. Using spin lattice and 
quadrupolar relaxation measurements (T1Z and T1Q), they showed that picosecond to 
nanosecond motions in the retinal ligand are coupled to the slower microsecond 
timescale collective fluctuations of transmembrane helices and the internal cytoplasmic 
loops.  
Both M2 and rhodopsin are remarkable examples of the impact of detailed site-
specific mechanistic studies of membrane proteins in native bilayer environments by 





1.4. Solid state NMR studies of KcsA 
Independent of the work from our group, Marc Baldus and coworkers have 
conducted solid state NMR studies of a KcsA-Kv1.2 chimera channel in which one of 
the pore loops of KcsA is replaced with residues from Kv1.2 that enable toxin binding. 
Using MAS methods on this chimeric channel reconstituted into soybean asolectin 
vesicles, they obtained several site specific resonance assignments for various regions of 
the channel, and using torsion angle based chemical shift programs, they have 
proposed a structural model for the chimera.82  
Figure 1. 5. Solid state NMR studies of the dynamics of the retinal molecule bound the 
rhodopsin receptor are shown. Using the relaxation times derived from the spin 
lattice relaxation (T1Z) and the quadrupolar relaxation (TIQ), Brown and coworkers 
were able to characterize the detailed dynamics of the ligand when bound to the 
receptor and correlate it with functional dynamics in the receptor. This figure is from 
their publication in PNAS (2011) 
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Baldus and coworkers have also conducted studies on toxin binding to this 
chimeric channel using a water-soluble tetraphenyl-porphyrin derivative.83,84 The 
results suggest that the toxin bound state of KcsA is similar to a non-conductive state of 
KcsA that is populated at low K+ and also to some extent at low pH. Toxin induced 
channel blocking is a topic of great interest for K+ channels because it is a shared 
characteristic of almost all potassium channels. In other studies they have used water 
edited spectroscopy to track changes in the water accessibility of the KcsA pore as the 
channel opens at low pH 85, and have reported site specific nitrogen T1 measurements to 
characterize fast timescale dynamics in the selectivity filter of KcsA.86 They have also 
reported chemical shift perturbations at high ambient K+ as a function of pH, and 
shown that low pH induces changes in both the selectivity filter region and the hinge 
region around G99.84 The mechanistic conclusion of this work was the suggestion that 
the pH gate of KcsA is allosterically coupled to conformational changes in the 
selectivity filter, specifically to the protonation of a key glutamic acid in the pore helix.  
 
1.5. Contributions of this Thesis 
This thesis is a detailed biophysical study of K+ ion binding in the pore of KcsA, with a 
particular focus on a conformation change that occurs in the selectivity filter that 
renders the channel non-conductive at low K+. Magic-angle spinning solid state NMR is 
used as the primary method to study the structure and dynamics of KcsA reconstituted 
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into lipid bilayers, which allows us to make measurements in a near-native 
environment. 
The low K+, non-conductive state of KcsA is of great pharmacological interest 
because of its hypothesized similarity to an inactivated state in mammalian channels. 
As discussed earlier, channel inactivation in mammalian channels like hERG regulates 
key life processes such as the frequency of heartbeats, and is therefore an important 
process to understand. The low K+ state is also very interesting from a biophysical 
perspective because it allows us to study the kinetics and complex equilibria involved 
in K+ ion binding to the pore in a regime where K+ is a limiting reagent. 
The first step for these studies was to make site-specific resonance assignments 
for the various 13C and 15N atoms in KcsA. Chapter 2 describes the various strategies 
used to make a significant number of resonance assignments, which are the basis of all 
the site-specific studies in the rest of the thesis. KcsA is one of the first membrane 
proteins to have a nearly complete set of solid-state NMR assignments and the work 
presented in Chapter 2 together with work from the group of Baldus, contributes to that 
body of NMR literature. 
In order to study details of the conformational exchange process that occurs at 
low K+, it was important to first establish spectroscopic signatures for the limiting states 
at high and low K+. In chapter 3, the low K+, nonconductive state is rigorously 
characterized in terms of its chemical shifts. Additionally the states observed by NMR 
are related to previously described states observed by x-ray crystallography. In order to 
do this, the current state-of-the-art chemical shift analysis tools are used and a 
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thorough, unbiased evaluation of these tools is presented on a set of publicly available 
protein datasets. While the characterization of the low K+ state is of specific biophysical 
interest, the comparison statistics of these tools are of general interest for any NMR 
study that is trying to analyze chemical shifts using database methods and yield some 
interesting statistical insights into the prediction algorithms. Our review shows that 
there is significant room for improvement in these tools, especially for their application 
to solid-state NMR shifts. 
Chapter 4 describes detailed measurements of K+ binding affinities inside the 
pore of KcsA. Using lineshape simulations, we also show that the exchange rate 
between the high K+ and the low K+ states of KcsA is slow. More specifically, it is < 
500/s under our conditions, which is a key piece of evidence in relating the 
nonconductive state to an inactivated state of the channel. By measuring changes in the 
populations of individual conformations at different sites in the pore as a function of 
the ambient K+ level, we show that ions bind with an affinity in the 1-10 µM regime and 
that there are a series of linked equilibria that lead to the particular shape of the K+ 
binding curves. The interpretation of the binding curves in terms of kinetic models 
leads to insight into the fundamental processes of ion binding in the pore of KcsA, 
which is related to understanding how this channel simultaneously achieves both speed 
and selectivity. 
In Chapter 5, we use solid state NMR to directly test a hypothesis that the low K+ 
state is structurally similar to the inactivated state of KcsA. The structural equivalence 
has been suggested by several recent papers and is also supported by the slow exchange 
  
28 
rate that we measured. We use an inactivation resistant mutant E71A to test the 
hypothesis and show directly that suppressing inactivation via this mutation also 
suppresses the channel’s ability to enter the non-conductive structure at low K+. E71 is a 
residue of great interest in KcsA because it is involved in an intricate network of 
hydrogen bonds that stabilize the selectivity filter. To gain more mechanistic insight 
into why the mutant E71A does not inactivate, we used chemical shift anisotropy 
measurements determine the protonation state of E71 and its hydrogen bond partner 
D80. We show that E71 has an unusually high pKa (>7 vs. the usual 4.5) and in doing so 
we resolve an outstanding inconsistency between computational predictions and 
previous NMR measurements of the protonation state of this residue. The results 
together suggest a model in which the conductive state of the channel is entropically 
favored in the mutant E71A, which prevents its ability to enter the non-conductive state 
at low K+. This is in contrast to the previous models, which implicate enthalpic 
contributions of the hydrogen bonds to this process.  
All of these NMR studies rely on preparing large amounts of functionally intact, 
isotope labeled protein and efficiently reconstituting the protein into liposomes. 
Chapter 6 describes significant biochemical advances made over the course of this work 
in increasing the bacterial expression yield for KcsA from ~ 6-8 mg/L to ~ 40 mg/L of 
culture. Protocols developed to optimize the liposome yield are also presented. 
Additionally, results from cryo-EM microscopy and electrophysiology measurements to 
validate the patency of lipid bilayer and ensure that the channel exhibits native kinetics 
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before and after NMR are presented. This groundwork is essential to ensure that the 
mechanistic conclusions made in the thesis are on firm ground. 
The results described in the following chapters describe structure and 
conformational dynamics related to the low K+ induced non-conductive state of KcsA. 
The detailed characterization of this state and its dynamics has led to many mechanistic 
insights into the function of K+ channels, and resolutely establishes KcsA as a model 
system for future studies of conformational dynamics by solid-state NMR  
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2. Site-specific Solid State Resonance 









Resonance assignment of the 13C and 15N chemical shifts is often the first step of any 
site-specific NMR study. This chapter describes the 280 unique solid-state NMR 
resonance assignments of the membrane-bound region of KcsA at 50 mM K+ and a pH 
of 7.5, which is the basis for all the functional studies described in later chapters. The 
consistency and completeness of the new assignments are discussed, and assignments 
are compared to those published in the literature. The complete resonance list is 
provided in the Appendix. 
 
The assignments were made in collaboration with Dr. Benjamin Wylie and building on 
previous assignments by Dr. Krisztina Varga and Dr. Lin Tian.  
 
2.2. Introduction 
2.2.1. What does resonance assignment mean?  
Sequential resonance assignment is the process by which the specific resonance 
frequency of each atom or spin in a system is identified and correlated to neighboring 
spins. In the case of a uniformly 13C and 15N labeled protein, sequential assignment is 
typically done by correlating spectral lines in a multidimensional NMR spectrum to 
protein backbone resonances (N, Cα, CO) using a well-known algorithm called the 
protein backbone-walk.  
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The solid-state assignment process is notably different from solution state. First, 
due to the absence of rapid molecular tumbling, solid state spectral lines are typically 
sensitive to many anisotropic interactions, which tend to broaden the lines. In order to 
get narrow resolved resonances, samples are typically subject to magic angle spinning1 
(MAS), which partially averages out many of the anisotropies. Second, solution state 
assignments are typically made using the amide proton frequency to correlate residues, 
whereas until recent advances in solid state proton detection2,3, solid state assignments 
have traditionally been made by using the amide nitrogen frequency to correlate 
residues. A typical sequential solid state assignment strategy involves exciting an 15N 
spin and then using a series of intra-residue and inter-residue 15N -13C and 13C-13C 
polarization transfer sequences to correlate the frequency of the initial 15N to 
neighboring spins along the protein backbone. The transfers can be either “through 
space” or “through bond.” Dipolar transfers between covalently bonded nuclei are 
referred to as “through-space” and transfers that use J-couplings between bonded 
nuclei are referred to as “through bond.” The basic assignment process is depicted in 
Figure 2. 1, which shows two commonly used polarization transfer pathways that 
connect spins from adjacent amino acids to the backbone amide nitrogen of the peptide 











2.2.2. Why make resonance assignments? 
Resonance assignment in the solid-state is time and instrument intensive. A medium 
sized protein is typically in the range of 100 – 300 amino acids. Assuming, on average, 
that each of the amino acids has ~ 5 carbons and a nitrogen, a medium sized protein has 
~500-1500 individual 13C resonances and ~100-300 individual 15N resonances. These 
numbers quickly increase with protein size. While automatic assignment is routine in 
the solution state, it not as ubiquitous in the solid state because of complications from 
overlapping peaks and shifting resonances. This makes resonance assignment a time-
intensive process in the solid state.  
Figure 2. 1. Typical schematic of the polarization transfer pathways used for solid state 
NMR resonance assignment . In (A) an intra-residue correlation pathway, commonly 
referred to as N-Cα-CX is shown. This allows correlation within a single amino acid 
residue. In (B) an inter-residue correlation pathway, sometimes called N-CO-CX is 
shown, which is used to correlate neighboring amino acids in a protein sequence 
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In some cases the assignments have been the basis of structure determination. 
Secondary shift analysis, such as what is shown in the section 0 below, can be done, 
which indicates regions of different secondary structure, and comparisons can be made 
to predicted structural models. Recently developed chemical shift based methods like 
CS-ROSETTA4 can be used to develop structural models based on the chemical shifts. 
Site-specific distance restraints can be obtained for a 3D structure determination.  
For many mechanistic studies, it is enough to reliably assign certain key regions 
of the protein whose structure and dynamics are of scientific interest. Once these 
regions are mapped out, the binding sites of ligands or other binding partners can be 
identified by chemical shift perturbation studies and site-specific conformational 
dynamics can be measured and correlated with function.5 The site-specificity of all these 
measurements is a huge advantage of NMR and is a direct consequence of make site-
specific resonance assignments 
 
2.2.3. What makes a protein “assignable” in the solid state? – Challenges and 
Strategies 
The first solid state assignments of proteins were reported on model systems like 
ubiquitin6 and SH37 over a decade ago. Since then, there have been several solid state 
assignments of various types of proteins including microcrystalline globular 
proteins8,9,10, amyloid fibrils11,12, membrane proteins13,14 and proteins in large 
assemblies15,16. A complete list of the deposited chemical shifts for these proteins can be 
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found at the Biological Magnetic Resonance Bank17. While the number of systems 
assigned in the solid state is growing, there are still only about a couple dozen proteins 
that have significantly complete assignments in the solid state. The challenges remain 
multifaceted. The two big determinants of whether or not a protein can be assigned in 
the solid state are sensitivity and resolution.  
Sensitivity refers to the signal-to-noise ratio of a spectrum. A spectrum with high 
signal-to-noise makes it easier to detect and assign individual residues. Due to the 
inherently low sensitivity of NMR experiments, typically tens of milligrams of protein 
are required to make a sample with a good enough sensitivity to pursue 
multidimensional experiments. A good rule of thumb is that 1 mg of protein per kDa of 
molecular weight is required for a high-quality NMR spectrum, i.e. approximately one 
micromole. In many cases, especially for membrane proteins, it is difficult to express the 
protein in these large quantities because it becomes toxic to the host organism or it 
tends to aggregate and get misfolded. Optimization of the protein expression is often 
the bottleneck, and there is significant research in the area of cell-free synthesis18,19 and 
alternate expression systems20 and to overcome these issues.  
A different approach to the signal-to-noise problem is to address the 
spectroscopic insensitivity. Dynamic nuclear polarization (DNP) is a promising method 
on that front. DNP, which involves using the electron polarization of a proximal radical 
to enhance the nuclear signal, can theoretically yield signal enhancements of upto 660-
fold21, but these measurements need to be made at very low temperatures and several 
challenges remain to optimize DNP for protein samples22.  
  
42 
A third strategy to increase sensitivity is to improve the NMR probes and reduce 
the diameter of the NMR coil. A small coil that is closer to the sample can detect 
induced fields more sensitively, but there is a trade-off with reducing the amount of 
sample that can fit in the coil. Ongoing improvements in the electronics and innovations 
in solid-state probe design are therefore an integral part of solid state NMR research.  
Resolution refers to the quality of the spectra in terms of the individual linewidths 
of different resonances. Lower linewidths typically leads to better site-specific 
resolution. Linewidth in the solid state can arise from a variety of spectroscopic, 
instrumental or sample dependent processes23,24.  
Spectroscopic interactions such as dipolar couplings among protons, chemical 
shift anisotropies, quadrupolar couplings etc. lead to line broadening that can be 
eliminated using either high power decoupling (typically 100-300 W) or the appropriate 
pulse sequences. One issue with using high power proton decoupling is that sample 
heating induced by the electric field associated with the decoupling pulses is significant, 
time-dependent and sample position-dependent relative to the center of the RF-coil. 
This is a particular issue for conductive samples because the heating effect of the electric 
field is related to the dielectric of the material within coil in that the more conductive 
the sample, the greater the RF-induced heating. High power decoupling can therefore 
sometimes lead to inhomogeneous sample temperatures and sample denaturation, and 
must be used with caution. Recent developments in probe design,25,26 ultra-fast magic 
angle spinning27 and partial deuteration of samples28,29 are some of the strategies used 
to surmount the effects of high power decoupling.  
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Relaxation effects such as broadening due to the stochastic modulation of local 
fields by protein dynamics, or chemical shift dispersion due to sample heterogeneity, 
cannot be eliminated as easily. In proteins, there is a range of linewidths observed for 
different types of residues and atoms depending on their particular motions at the 
experimental temperature. Methyl carbons, for example, typically have narrow 
resonances at room temperature because of fast motional averaging of their attached 
protons30. If the protein dynamics are on the intermediate timescale relative to their 
detected chemical shifts, the motions can lead to intermediate-exchange induced 
broadening or disappearance of the signal.  Therefore the optimal temperature to detect 
different resonances may differ based on their dynamics. 
For many globular proteins, the linewidth is dependent on the temperature at 
which the spectra are acquired relative to the freezing point of the hydration shell of the 
protein. Therefore, several temperatures need to be tested before an ideal regime for a 
particular system is found. Additionally, recent work has shown that the hydration 
level of the samples can also influence the linewidth of some proteins31,32, and should be 
controlled in a systematic way for best results. 
The spectral quality and linewidth are also strongly dependent on the sample, its 
purity, intactness, conditions etc. and especially on any heterogeneity induced by the 
preparation. In the case of membrane proteins, the NMR linewidth is often related to 
the details of the hydrophobic environment of the protein i.e. lipid bilayers vs. detergent 
micelles vs. bicelles, and the chemical identities and phases of these components. 
Optimization of conditions is very protein-specific. Membrane proteins are often 
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unstable in non-native environments, which can lead to protein 
degradation/aggregation and subsequent line broadening. Sample dependent line 
broadening is a particular problem for oligomeric proteins if the sample preparation 
protocol yields a mixture of monomers and oligomers that obfuscate the spectra. 
Therefore significant care needs to be taken to develop reproducible and robust sample 
preparation protocols.  
 With milligram quantities of a stable homogenous sample in hand, the next step 
to pursue assignments is to optimize the spectroscopy.  A succesful 2D  or 3D 
experiment requires a high initial signal to noise and a high transfer efficieny for the 
various sequential polarization transfers, typically using the dipolar couplings between 
spins. Heteronuclear 15N – 13C transfers are generally achieved with Double Cross 
Polarization (DCP) 33,34 or Transferred Echo DOuble Resonance (TEDOR) 35 pulse 
sequence elements. The homonuclear 13C-13C correlations are typically established by 
Radio-Frequency Driven Recoupling (RFDR) 36,37, Dipolar-Assisted Rotational 
Resonance (DARR)(ref) , RF-Assisted Diffusion (RAD) 38 or adiabatic dipolar 
recoupling, (DREAM) 39  pulse sequence elements. Schematics of some of these various 
pulse sequences are shown in Figure 2. 2. For through-space transfers, the efficiency of 
the transfer depends on the magnitude of the dipole coupling mediating the transfer. 
Thus in the case of systems in which the dipole couplings are dynamically averaged out 
by molecular motion, dipolar transfers can be very inefficient and other techniques 
based on the J-couplings need to be used40–42. In these cases it is also not useful to start 
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with cross-polarization (CP) and one typically resorts to direct-pulse excitation or J-
based initial excitation.  
An additional challenge for membrane proteins is that they tend to have a high 
population of hydrophobic amino acids and significant alpha helical secondary 
structure, which leads to spectral congestion i.e. the degeneracy of many 13C and 15N 
chemical shifts. The use of high magnetic fields, fast spinning, multi-dimensional data 








Figure 2. 2. The pulse sequence schematic of some commonly used mixing sequences 
for through space heteronuclear (A) and homonuclear (B) mixing are shown. The 2D 
version of these sequences typically begins by cross polarizing the either 13C or 15N 
using the protons. This is followed by a chemical shift evolution period (t1), followed by 
a mixing sequence and finally by a signal detection period (t2). Higher dimensional 
pulse sequences are made by combining mixing elements and having additional 
evolution times. High power proton decoupling is typically required during the mixing 
periods and medium power is used during the evolution and acquisition periods. 




2.3.1. The KcsA amino acid sequence landscape 
KcsA is a tetramer with 160 amino acids (17.6 KDa) in each monomer. The tetramer is 
symmetric and comprises of a transmembrane region (~100 residues) flanked by a short 
N-terminus (~20 residues) and a longer cytoplasmic region (~40 residues in each 
monomer). The amino acid sequence and the distribution of different amino acids type 
in the membrane region and the termini regions is shown in Figure 2. 3.  
 
  
Figure 2. 3. A summary of the amino acid composition of KcsA. In (A) the sequence of 
the full length protein is shown, including the 11 extra amino acids that the end that 
comprise the His-tag. In (B) the relative abundance of different types of amino-acids in 
KcsA is classified by their amino-acid family type, and in (C) the relative abundance is 
classified by amino-acid type. The overabundance of hydrophobic aliphatic amino 
acids is very clear. The His-tag is not included in the analysis (B) and (C). 
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Predictably, a large part of KcsA is composed of hydrophobic, aliphatic amino 
acids – valine, leucine, alanine and glycine. There are also a significant number of 
arginines, which are known to mediate electrostatic interactions with the phospholipid 
head group. The entirety of this thesis is focused on the transmembrane parts of KcsA – 
residues 20-120, although the data are all collected on the full-length protein. For the 
temperatures at which most of the reported spectra were acquired (0-10∘C), there were 
no clearly discernable signals from the N and C termini. The C-terminus of KcsA is 
known to be dynamic and our hypothesis is that at our temperatures, resonances from 
the termini are broadened into the noise by both conformational heterogeneity and 
molecular motion.  
One unique part of KcsA, is the selectivity filter region, which comprises of five 
amino acids: Theronine 75, Valine 76, Glycine 77, Tyrosine 78 and Glycine 79. As 
discussed earlier, this region is conserved across many bacterial and mammalian 
potassium channels, and directly chelates potassium ions. Early crystal structures 
showed that the backbone atoms of this region create a stack of sequential oxygen rings 
that form the potassium binding sites.44,45 These constraints lead to an unusual set of 
observed backbone torsion angles for these residues (Figure 2. 4), which, together with 
their close proximity to the potassium ion, lead to significantly resolved chemical shifts 
compared to the transmembrane regions of the protein. Due to this experimental 
convenience, it was relatively straightforward to completely assign the backbone and 
sidechain resonances in this region using 2D methods alone. Other regions of the 
protein that were well resolved in the 2Ds include the pore loop region and the pore 
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Figure 2. 4. A Ramachandran plot highlighting the allowed and favored regions of 
torsion space based on Lovell et al45. are shown above. Torsion angles derived from the 
deposited 2.5 Å crystal structure of KcsA (PDB : 1K4C) are shown in black. The angles 
in the selectivity filter region (residues 70-80) are marked with crosses. Notice that they 
sample the left handed helical region of the plot. Alternating torsion angles between the 
left and the right-handed helical regions generate a peptide plane in which the 
backbone carbonyl groups all point in one direction. 
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2.3.2. History of Assignments of KcsA in the McDermott Lab 
Initial samples of KcsA were provided by Prof. Joshua Wand at the University of 
Pennsylvania, and Dr. E.T. Olejniczak from Abbot Laboratories in 2005. These samples 
were reconstituted into detergent micelles and measured by initially by Dr. Krisztina 
Varga46 and then by Dr. Lin Tian, who made assignments for 13 residues (~50 
resonances) in the selectivity filter and pore helix region of KcsA shown in red in Figure 
2. 5 Details regarding the detergent precipitation protocols and initial assignments are 
available in their respective PhD theses. Lin Tian went on to prepare isotope-labeled 
KcsA in house, using a plasmid obtained from the laboratory of Prof. Roderick 
Mackinnon at Rockefeller University, and began developing a protocol to insert it into 
liposomes. By 2007, she had a working protocol to prepare liposome-embedded, 13C 
and 15N labeled KcsA for NMR studies. Lin assigned 10 residues (~39 resonances) in the 
selectivity filter region of KcsA in lipid bilayers using 2D and 3D spectra also shown in 
Figure 2. 5. She also had tentative assignments for 4-5 other residues. The details of her 
bilayer assignments can be found in chapter 5 of her thesis47. Since 2007, in 
collaboration with Dr. Benjamin Wylie, I have extended the resonance assignment of 
KcsA in lipid bilayers to 67 residues with 3D connectivity (~320 resonances) and 8 
tentative assignments based on partial connectivity in 2Ds and 3Ds. The definite 
assignments are summarized at the bottom of the figure. The assignments are based on 
a series of N-Cα-CX and N-CO-CX 2Ds and 3Ds, and several C-C correlation spectra. 
Annotated versions of some of these spectra are shown below in Figure 2. 9 and Figure 
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2. 10. The details regarding acquisition of the data and a complete assignment table 





Figure 2. 5. A summary of the resonance assignments made on uniformly 13C and 15N 
labeled KcsA over the last 6 years are shown on the amino acid sequence of the protein. 
The membrane bound region is colored blue and the termini are colored black. 
Important regions are highlighted in yellow (TM1,TM2: Transmembrane helices 1 and 
2, PH: Pore Helix, C-term: cytoplasmic region of the protein). The selectivity filter 
residues are shown with green triangles. Initial assignments, shown in (A) were made 
by precipitating KcsA into detergent micelles. Subsequent assignments were made in 
lipid bilayers (B). In (C) the current extent of the assignment is shown.   
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2.3.3. Assignments of KcsA at high K+  
Two and three dimensional correlation spectra were acquired on samples of 
uniformly 13C and 15N labeled KcsA reconstituted into DOPE : DOPS bilayers and 
equilibrated with a Tris/KCl buffer with 50 mM K+ and a pH of 7.5. Assignments were 
made using the backbone-walk strategy discussed earlier. In Figure 2. 5, I use a binary 
code of red or black to decide whether a residue is assigned or not. However, each 
residue has several resonances, which need to be assigned uniquely for the residue to be 
completely assigned. Figure 2. 6 summarizes the assignments in terms of their 
completeness i.e. how many resonances of each residue have been uniquely identified. 
There are several ambiguous assignments, especially for leucine, valine and alanine 
sidechains that are very abundant and degenerate in the sequence. These ambiguous 
assignments excluded from the current analysis but included in the Appendix. A 
pictorial description of the relative number of assignments organized by amino acid 
type and nucleus type is shown in Figure 2. 8. 
 The assignments for the selectivity filter, were made using 2D spectra (shown in 
Figure 2. 9 and Figure 2. 10) because the backbone connectivity for these peaks is well 
resolved. The assignments were confirmed by the 3D spectra but as such, 3D spectra 
were not necessary for the assignment of the selectivity filter. For other regions of the 
protein, especially in the transmembrane helices, the chemical shifts were often 
degenerate on the 2Ds and required the extra third dimension to be assigned. An 
example of a 3D strip plot for the assignment of residues in the transmembrane helix 1 
is shown in Figure 2. 11. Once the assignments were made on a 3D, several resolved 
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peaks in the 2D could be identified and used for subsequent functional studies. A 
graphical representation of the peaks that are resolved on a set of 2Ds (C-C correlation, 
N-Cα-CX and N-CO-CX) vs. those that are only resolved on 3Ds is shown in Figure 2. 7 
From this it is clear that several peaks are well resolved on a 2D, which makes KcsA a 
nice system to pursue further functional studies. 
 
Figure 2. 6. A summary of the completeness of the current assignment in terms of the 
different resonances assigned for each amino acid. The blue boxes indicate an 
unambiguous assignment, the white boxes indicate that the resonance is unassigned, 
and the X indicates that the particular resonance does not exist for the amino acid in 
question. The assignments are mapped on the structure of the membrane bound region 







Figure 2. 7. A summary of the peaks that are resolved in 2D spectra (dark blue) vs 
those that can only be resolved in 3D spectra (light blue) is shown relative to the 
amino acid sequence of the membrane bound region of KcsA. Notice that most of 
the selectivity filter residues are well resolved on the 2D spectra, making them 







Figure 2. 8. A summary of the current level of assignment of the transmembrane region 
of KcsA (residues 20-120) is shown. In panel A, the assignments are broken up by amino 
acid type. In panel B the relative % assignment of backbone 15N shifts and 13C shifts 
(Cα,C’ and Cβ) are shown. While the assignment is by no means complete, that regions 
that remain unassigned are clearly resolved in 2Ds and 3Ds and generally consist of 









Figure 2. 9. An annotated 13C -13C correlation spectrum of a uniformly 13C-15N labeled 
KcsA acquired with 15 ms of DARR mixing. This spectrum was acquired on a 750 MHz 
magnet using a 4mm triple channel probe, spinning at 14 KHz at a sample temperature 




Figure 2. 10. A set of heteronuclear 2D correlation spectra, N-Cα-CX (top, red) and N-
CO-CX bottom, blue) of uniformly 13C and 15N labeled KcsA is shown. The sequential 
backbone walk is highlighted for residues in the selectivity filter. These spectra were 
acquired on a 750 MHz instrument on a 4mm triple-channel probe, spinning at 14 






Figure 2. 11. A 3D strip plot showing a few sequential correlations in the first 
transmembrane helix of uniformly 13C and 15N labeled KcsA. 2D planes from an N-Cα-
CX 3D are shown in red and planes from an N-CO-CX 3D are shown in blue. Adjacent 




2.3.4. Assignments of KcsA at low K+ 
Resonance assignments were also made on samples of uniformly 13C and 15N 
labeled KcsA reconstituted into DOPE: DOPS bilayers and equilibrated with a 
Tris/NaCl buffer with < 1 µM K+ (~0.2 µM) and a pH of 7.5. Assignments were made 
using the backbone-walk strategy discussed earlier. Due to the hydration dependence 
of the low K+ state and the high 1H decoupling powers, and relatively long contact 
times necessary for efficient N-Cα cross-polarization, the N-Cα transfer efficiency and 
for the low K+ samples was much lower than the high K+ samples, which prevented the 
collection of three-dimensional data. Sequential assignments for regions in the 
selectivity filter were made using 2D truncated NCαCX and NCοCX spectra and C-C 
correlation spectra shown below. Assignments in other regions were inferred based on 
peak proximity to the high K+ state. A summary of the assignments at low K+ are shown 
below. 
 Key markers in the selectivity filter that are used in the subsequent chapters 
include E71, T74, T75, V76, G79 and D80. Sequential N-C contacts are seen for the low 
K+ states of the low K+ assignments of each of these marker peaks, although some of the 
markers, like E71, are better resolved on C-C spectra. Examples of the sequential 
contacts are shown below in Figure 2. 12 and Figure 2. 13. A complete table to low K+ 
chemical shifts together with the assignment logic for each resonance assigned at low 
K+ is shown in Appendix 3. Discussion of the chemical shift differences between the 








Figure 2. 12.An annotated 13C -13C correlation spectrum of a uniformly 13C-15N 
labeled KcsA acquired with 50 ms of DARR mixing. This spectrum was acquired 
on a 750 MHz magnet using a 4 mm triple channel probe, spinning at 14 KHz at a 




Figure 2. 13. A set of heteronuclear 2D correlation spectra, N-Cα-CX (top, red) and 
N-CO-CX bottom, blue) of uniformly 13C and 15N labeled KcsA at 0.2 µM K+ / 50 
mM Na+ and a pH of 7.5 is shown. The sequential backbone walk is highlighted for 
residues in the selectivity filter. These spectra were acquired on a 750 MHz 
instrument on a 4mm triple-channel probe, spinning at 14 KHz with a sample 
temperature of 0-10  oC 
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2.4. Analysis and Discussion 
2.4.1. Secondary shift analysis 
NMR chemical shifts are strongly correlated with secondary structure. One of the 
most straightforward ways to quantify the secondary structure of a protein is to 
compare the observed chemical shift with the random coil value.49,50 The difference 
between the experimentally shift for a particular residue, and the random coil value for 
the residue is called the secondary-shift. On average the secondary shifts of Cα and CO 
resonances is useful to distinguish an α-helix from a random coil; and Hα, Cβ, 15N and 
1HN  secondary shifts are useful to distinguish β-strands from random coils51. While the 
true definition of a random coil in the solid state can be open to debate, random coil 
shifts in the solution state have been documented extensively by several groups.51,52  
For the secondary-shift analysis shown below, I used the random coil values 
reported by Wang and Jardetsky51 and the Random Coil Index (RCI) server53 hosted by 
David Wishart to calculate secondary shifts and predicted secondary structure for the 
Cα and CO chemical shifts of KcsA. Cβ shifts were not used due to their sparseness and 
15N was not used because of their sensitivity to electrostatics and hydrogen bonding. In 
Figure 2. 14, the overall Cα and CO secondary structures are indicated as +1 if the shifts 
suggest helical structures and -1 if they suggest beta strands. Residues with secondary 
shifts near zero indicate loops or random coil structure. The absence of an assignment is 
indicated by absence of a bar on the chart. The results are overlaid with a detailed 
secondary structure analysis done via the Dictionary of Protein Secondary Structure 
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(DSSP) server54, on the high-resolution crystal structure of KcsA from the PDB entry 
1K4C. White regions on the DSSP plot indicate residues whose secondary structure was 
not assigned by DSSP. 
In the case of a de novo assignment of a protein with unknown structure, 
secondary shift analysis can be extremely enlightening about the general fold of the 
protein and the boundaries of alpha helices, beta sheets and turns. In the case of a well-
studied protein like KcsA, there are numerous structures of the protein deposited in the 
PDB, and the general secondary structure of its membrane bound region is fairly well 
established. Therefore the point of this secondary shift analysis is to confirm that the 
secondary structure that we derive from our chemical shifts, is in general agreement 
with the known crystal structure, with respect to positions of the helices and loops, 
which in turn confirms that KcsA, under our typical experimental conditions, is 
normally folded. 
 Figure 2. 14 shows that overall the secondary structure of the assigned regions of 
KcsA is overwhelmingly α-helical. There are a few short breaks, including the region 
around residues 55-65, commonly known as the pore loop and the region between 70-
80, which is the selectivity filter Secondary shift analysis assigns α-helical structure to 
some of the selectivity filter regions because this analysis cannot differentiate between 
right handed and left-handed helical conformations. Additionally, when compared to 
the DSSP results, our secondary shift analysis suggests that the TM1 helix is a little 
longer in our samples. This difference is likely due to the presence of a lipid bilayer in 
our samples, which was absent under the conditions under which KcsA was 
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crystallized45. The length and molecular identity of the hydrophobic environment 
undoubtedly plays a big role in determining the boundaries of the transmembrane 
regions of membrane proteins (this phenomenon is sometimes known as hydrophobic 
match55) so some differences between lipid-embedded protein in solid-state NMR 
measurements and detergent micelle embedded protein from x-ray measurements are 
expected. Apart from these minor differences, the overall qualitative agreement 









2.4.2. Summary of previously published shifts if KcsA 
Three other NMR groups56–58 have published papers about KcsA, albeit at 
different sample conditions than our work. We were able to access to two of the three 
sets of NMR chemical shifts associated with the published studies, and a comparison of 
Figure 2. 14. Secondary structure prediction based on Cα and CO secondary shift 
analysis of our assignments of KcsA are plotted against the sequence of KcsA for 
assigned residues. The DSSP prediction for secondary structure is shown on top. There 
is general agreement in the positions of helices and loops except for the minor detail 
that TM1 is a few residues longer than what was observed in the crystal structure. 
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their chemical shifts with ours is discussed. The differences between measurements 
from the various groups are summarized in Table 2. 1. 
 This work Bax Group  Baldus Group  
 Unpublished Chill et al.56 Ader et al. 57 








At C-terminal for 
PQE-vector. 








lipid bilayers (9:1 
DOPE/DOPS) 
detergent micelles  





  oC 50  oC  2- 12  
oC and  
-5 to -20  oC  
pH  pH 7.5 pH = 6  pH = 7.4 
K+ concentration 50 mM KCl 50 mM KCl 150 mM KCl/50 mM NaCl 
 
2.4.3. Comparison with previous solution NMR shifts 
The group of Ad Bax at the National Institute of Health published a series of 
papers regarding NMR studies of KcsA56,59. The most important differences between 
their work and ours are (1) the chemical nature of the hydrophobic environment of 
KcsA – they use detergents and we use lipids, and (2) the higher temperature at which 
their data were collected – they measured at ~ 50 oC and we measure at 0-10 oC.  
Table 2. 1. A summary of the different sample conditions at which KcsA assignments 
have been reported in the literature.  
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A comparison of their N, Cα and CO assignments with ours is shown in Figure 2. 
15. The solution-state assignments are more complete than ours in the TM2 region 
however, we have assigned a key pore-loop region between residues 80-85, which was 
not assigned in their data. The overall Cα agreement (RMSD) is 1.8 ppm over 59 
residues, which is larger than expected. To the best of our knowledge, this is not an 
obvious referencing issue and is probably related to differences in the structure of the 
protein under the different conditions. The major outliers lie near the N-terminal region 
S22-L24 and in the loop regions G53-I60. These differences probably arise from 
differential packing effects for the loop regions in multilamellar bilayers vs. detergent 
micelles and the slightly different length of TM1 depending on the nature of the 
hydrophobic environment.  
An interesting and significant difference is in the Cα assignment for Y78 – a key 
residue chelating potassium in the selectivity filter. The solution state and solid state 13C 
assignments differ by ~ 4.7 ppm, with the solution shifts indicating a lower Cα shift and 
more beta-sheet like set of torsion angles, and the solid state data reporting a higher Cα 
shift and a more helical set of torsion angles. As far as we can tell, this difference is not 
due to the use of detergent vs. lipid, because previous solid-state measurements of KcsA 
in detergent (DM)46, also report a higher, more helical Cα chemical shift for Y78. 
Therefore, we attribute this difference to the higher temperatures (~50 oC) at which the 
solution NMR data were collected. We suspect that at those temperatures, Y78 is able to 
sample a greater range of conformations and settle into a different local minimum than 
at the lower temperatures (0-10 oC) used in our measurements. This temperature 
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hypothesis is further supported by the observed torsion angles in the cryogenic crystal 
structure of KcsA (PDB:1K4C), which correspond to a left-handed helix and not a sheet 
and are therefore in agreement with our shifts.  
Riek and coworkers have published a different solution state NMR study of 
KcsA in which they use milder conditions of detergent and temperature and describe 
enhanced dynamics at the Y78 backbone.58 They interpret the dynamics as contributing 
to a gate in the selectivity filter of KcsA. However a closer inspection of their work 
shows that they used a mutated form of KcsA (E71A) as a substitute for the wild type 
channel. Our own extensive studies of this mutant (in chapter 5) show that the 
enhanced linewidth of Y78 in the mutant is a product of mutating out hydrogen bond 
constraints on Y78 and not of any native gating function. 
 The comparison also shows that the 15N and 13CO chemical shift agreement are 
not as good as 13Cα. The overall RMSD for 15N shifts between solid and solution 
measurements is 3.7 ppm and for 13CO shifts is 1.3 ppm. These variations are expected 
as 15N and 13CO shifts are sensitive many other factors like the details of the solvent 





2.4.4. Comparison with previous solid state NMR shifts 
The group of Marc Baldus at Utrecht University in the Netherlands has published 
solid-state NMR studies of a KcsA-Kv1.2 chimera reconstituted into soy asolectin 
bilayers.60–62 Their chimera replaces the outer loop of KcsA with a loop from the Kv1.2 
Figure 2. 15. A comparison of our assigned solid state chemical shifts with chemical 
shifts assigned by the group of Ad Bax in solution. The difference between our shits 
and theirs is plotted for each residue. There are significant differences between the 
two assignments that probably arise from differences in sample conditions, 
particularly the chemical identity of the hydrophobic phase and the temperature and 
pH at which the assignments were made. 
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channel that enables the chimera to bind to a toxin called kaliotoxin. A comparison of 
our chemical shifts to theirs for regions of the protein that are similar is shown in Figure 
2. 16.  
The agreement between our shifts and the Baldus shifts is better than the 
agreement with the solution-state shifts (RMSDs for 15N, Cα, and 13CO are 2.1 ppm, 1.5 
ppm and 1.4 ppm respectively), probably because of similarities in the hydrophobic 
environment (both lipid bilayers) and similarities in the sample preparation protocol 
and measurement temperature. Nevertheless, the extents of the assignments are a little 
different: we were able to get more assignments that are complete for the TM1 region, 
while they report more complete assignments for the TM2 region compared to ours. In 
key conserved regions like the selectivity filter, both sets of assignments are in excellent 
agreement. 
One region in which the shifts do not agree is the pore loop right after the 
selectivity filter (residues 81-85). We suspect that the differences in this region are a 
result of ambiguity in the assignment of L81. There are 13 leucine residues in the 
transmembrane region of KcsA and the chemical shifts of the various leucines are very 
degenerate. It is therefore very difficult to vouch for assignments that are based on 







Figure 2. 16. A comparison of our assigned solid-state chemical shifts with 
chemical shifts assigned by the group of Baldus in is shown. The red dotted line 
between residues 52-65 indicate the region in which the protein sequences differ 
due to their chimeric construct. The two sets of chemical shifts are generally in 
agreement although their assignments are more complete in the TM2 and N-




We have made ~280 new unique solid-state NMR resonance assignments of the 
membrane-bound region of KcsA including backbone 15N, Cα, 13CO and sidechain 13C 
assignments. The assignments cover key regions of the protein including TM1, the pore 
loop, the pore helix and the selectivity filter. The assignments show that KcsA is 
normally folded in our bilayer system, and barring a few exceptions are generally in 
good agreement with other reported assignments of KcsA in the literature. These 
assignments form the basis for the site-specific studies discussed in the later chapters.  
 
2.6. Materials and Methods 
KcsA samples were prepared using the protocols described in chapter 6.   
2.6.1. Spectroscopy 
The liposome pellets were centrifuged into 3.2 mm or 4 mm Bruker rotors. Typically 20-
30 ml of sample were packed into the rotors, which corresponds to ~10 mg of KcsA. All 
data for the assignment was collected on a Bruker Avance DRX-750 spectrometer 
equipped with a 4 mm-HXY probe spinning at 14 kHz. Typical 90o pulse lengths for 1H 
were ~2.5µs on the WB-HXY probes. 13C and 15N 90o pulse lengths were ~ 5 µs. Marker 
peaks were identified at 50 mM [K+] and sequentially assigned using heteronuclear 2D 
and 3D 15N-13C-13C DCP-DARR spectra (NcaCX/NcoCX and NCACX/NCOCX) and 2D 
13C-13C homonuclear correlation spectra with a DARR mixing (15ms and 150ms). 
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Typically the 3/2 ωr - 5/2 ωr DCP condition was used for N-CA and N-CO transfers at 
14 kHz spinning. At 20 KHz spinning, the 1/2 ωr -3/2 ωr condition was used for both N-
CA and N-CO transfers. DCP contact times of 6-8 ms were found to be optimal. ~100 
kHz of CW decoupling was used during DCP and 80-100 kHz of SPINAL64 decoupling 
was used during acquisition. Typical recycle delays of 3 s were used. The parameters 
used for the 2D and 3D datasets are shown below.  All spectra were collected at a set-
temperature of 240 K. Temperature calibrations of the probe using KBr have shown that 
the heating due to MAS is on the order of ~ 15-18°C for a spinning speed of 14 KHz on a 
750 MHz instrument. However, for conductive samples such as ours, the sample 
heating due to high power RF radiation is close to 20-30 °C during 80-100 KHz H-
decoupling for 10-15 ms. This leads us to estimate that although the sample set-temp is 
240 K, the actual sample temperature during data acquisition is closer to ~280 K. 
RF Field-strengths: 13C  50khz =-1db,  15N 50Khz = -3.3db, 1H 100Khz = 0db 
Parameter  NcaCX NcoCX 
    
H à N  CP FS of 1H -3db at 100% -3db at 100% 
 FS of 15N -3.5db  -3.5db  
 Ramp (on H) Tangential  Tangential 
 Contact time CT 1 ms 1 ms 
 CT for prolines 5 ms 5 ms 
    
N à C FS of 15N  -1.2 db  4.0 db 
 FS of 13C   8.40 db at 100% -4.4 db at 100% 
 Ramp (on C) Tangential Tangential  
 Ct (ms) 8 ms 8 ms 
    
C à C mixing Mixing time (ms) 25 ms 25 ms 
 proton power 17 db 17 db 
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Points 13C 3840 3840 
 15N 256 256 
    
Acq. Time (ms) 13C 20 ms 20 ms 
Approx. 15N 10 ms 10 ms 
    
Sweepwidth 13C 500 ppm 500 ppm 
 15N 200 ppm 200 ppm 
    
Carrier Freq 13C 40 ppm 180 ppm 
 15N 100 ppm 100 ppm 
 
Parameter  NCACX NCOCX 
H -> N  CP FS of 1H -3 db at 100% -3 db at 100% 
 FS of 15N -3.5 db  -3.5 db  
 Ramp (on H) Tangential  Tangential 
 Contact time CT 1.0 ms 1.0 ms 
    
N -> C FS of 15N  -1.2db  4.0db 
 FS of 13C   8.40db at 100% -4.4db at 100% 
 
 Ramp (on C) Tangential Tangential  
 Ct (ms) 8ms 8ms 
    
C -> C mixing Mixing time (ms) 25ms 25ms 
 proton power 17db 17db 
    
Points 13C (direct) 3840 3840 
 13C (indirect) 48 60 
 15N  32 56 
    
Acq. Time (ms) 13C (direct) 20ms 20ms 
Approx. 13C (indirect) 4.2ms 8 ms 
 15N  3ms 5 ms 
    
Sweepwidth 13C (direct) 500ppm 500ppm 
 13C (indirect) 40ppm 20ppm 
 15N  70ppm 70ppm 




    
Carrier Freq 13C 50ppm 175ppm 
 15N  110ppm 110ppm 
 
2.6.2. Data Processing 
The 3D data were acquired in blocks and then added together before processing. The 
2D data were acquired at a stretch. All data were processed using NMRPipe. All the 13C 
chemical shifts reported are referenced to the downfield line if Adamantane, which was 
set to 40.48 ppm relative to 13C in DSS48. 15N shifts were referenced internally by 
calculating the nitrogen zero-frequency by using the ratio of gyromagnetic ratios of 15N 
and 13C recommended by the BMRB and 13C zero-frequency of a referenced 
adamantane spectrum. The spectra were referenced by adjusting the carrier frequency 
its correct value in the fid.com process script. Typically, carbon chemical shifts across 
different spectra are consistent to within 0.2 ppm. Assignments were made using the 
backbone walk scheme in SPARKY. 
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3. Chemical shift analysis of the limiting states 




This chapter describes the chemical shifts and analysis of two limiting states of KcsA at 
high and low potassium. In the first part of this chapter, I discuss how to interpret 13C 
and 15N protein chemical shifts using state-of-the-art database methods including 
SHIFTX21 and SPARTA+2. Statistical tools to quantify the agreement between 
experimental to predicted chemical shifts are presented and the usefulness and 
limitations of database methods are explored using publicly available chemical shifts 
for a variety of proteins from the Biological Magnetic Resonance Bank. In the second 
part, I apply these database methods to correlate the high and low K+ states observed 
by NMR to various published crystal structures of KcsA in the Protein Data Bank.  
 
Parts of this work are from the publication Bhate, Wylie, Tian and McDermott. J. Mol. Bio. 




The chemical shift of a nucleus is the particular Larmor frequency at which that nucleus 
resonates in an external magnetic field. It is the simplest and most direct NMR 
observable. Because the absolute value of this the resonance frequency is dependent on 
the magnitude of the external magnetic field, the chemical shift is typically reported 
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using a parts-per-million scale relative to a known reference compound, which allows 
for easy comparison across magnetic fields. The chemical shift of a nucleus is 
modulated by the details of the local electronic environment of the nucleus like local 
torsion angles, hydrogen bonds, ligand binding and local ionization changes. Chemical 
shifts therefore contain a wealth of information about the local electronic environment 
of a nucleus and have long been used by organic chemists to determine the chemical 
identities of synthesized compounds. In proteins, chemical shifts can generally be 
measured to high precision for multiple nuclei. The challenge lies in our ability to 
decode the information in a useful way.  
There are two broad categories into which chemical shift prediction algorithms 
can be grouped. The first category consists of empirical sequence/structure driven 
methods that utilize databases of known protein structures, sequences and chemical 
shifts to predict unknown chemical shifts by virtue of amino acid type and local 
secondary structure. The second consists of ab initio methods that attempt to calculate 
chemical shifts based on molecular structures and quantum-mechanical models of the 
local electronic structure of a nucleus. The programs used in this chapter fall into the 
former category. The ultimate goal is to use these predictive algorithms to relate 
experimentally measured chemical shifts to specific details of the protein structure like 
torsion angles and hydrogen bonding. 
In the case of KcsA, we have site-specific chemical shifts and chemical shift 
changes at two potassium levels – 50 mM and 0.2 µM. Analysis of the differences 
between the chemical shifts indicates that there is a local change in the selectivity filter 
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region of the protein as a function of potassium concentration. Crystallography has 
shown that the selectivity filter of KcsA can adopt two different structures at high (150 
mM) and low (~ 3 mM) potassium. These structures are called the conductive state and 
the collapsed state respectively and are shown below in Figure 3. 1. It is useful to know 
how the states that we observe by solid state NMR correspond to crystal structures of 
KcsA3 because that allows us to map our chemical shifts to a particular structural form. 
In the absence of experimental torsion angle measurements by NMR, we must rely on 
chemical shift prediction tools to quantify the similarity between the protein structures 
in our NMR samples and the known crystal structures of KcsA.  
 
Figure 3. 1.The different crystallized conformations of the selectivity filter in KcsA are 
shown. The selectivity filter of KcsA adopts a different conformation based on the 
identity and concentration of the permeant ion. Panel A shows the “high K+” 
conductive structure, 1K4C, was crystallized at [K+] = 150 mM and has been 
interpreted as a mixture of two states in which potassium ions are chelated at the 1,3 
and 2,4 positions. The intervening positions are occupied by water. Panel B shows the 
proposed “low K+” collapsed structure, 1K4D, is a single state crystallized at [K+] = 3 
mM, with ion occupancy at sites 1 and 4. The identity of the ions is uncertain, and it 
has been speculated that at least one of the ions may be Na+. In panel C the backbone 




3.2.1. Semi-empirical Chemical Shift Prediction Algorithms 
In recent years, several semi-empirical database driven chemical shift prediction tools 
such as SPARTA+ and SHIFTX2 have been developed to correlate protein backbone 
chemical shifts to protein backbone torsion angles. These tools predict chemical shifts 
that are derived (at least in part) by comparing an input crystal structure with a 
database of proteins of known structure and nearly complete chemical shift 
assignments. SPARTA+2,4, which was developed in the group of Ad Bax is based on a 
curated database containing 580 proteins for which high-resolution x-ray structures and 
nearly complete backbone and 13Cβ chemical shifts are available. It uses a neural 
network that is trained on this database to establish quantitative relationships between 
chemical shifts and protein structures, including backbone and side-chain 
conformation, hydrogen bonding, electric fields and ring-current effects. Given an input 
crystal structure, SPARTA+ divides the protein sequence into triplets and searches for 
corresponding triplets of adjacent residues in the database that provide the best match 
in the φ , ψ , χ1 torsion angles and in sequence similarity to the query triplet of interest.  
ShiftX21,5 from the group of David Wishart, is a machine-learning algorithm 
trained on a curated database of 197 proteins with x-ray structures < 2 Å and 
computationally added hydrogen atoms together with re-referenced backbone and 
sidechain chemical shifts for these proteins. The algorithm takes an input structure and 
returns a list of chemical shifts that are based on both a pairwise sequence based 
analysis and a torsion angle based structural analysis.   
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3.2.2. Quantifying the Predictive Ability of the Tools: RMSD vs. R2 
The precision of predictions by these programs depends on factors such as the identity 
of the NMR nucleus, secondary structure, and molecular environment. The accuracy of 
the tool is assessed using two metrics – (1) The root-mean-squared deviation (RMSD) 
between the predicted and experimental shifts and (2) The linear correlation coefficient 
(R) between the predicted and the experimental shifts. The mathematical definitions of 
these two parameters are shown below.  
 
RMSD =
(Xpred ! Xexp )2"




(Xpred " Xpred )(Xexp " Xexp)#
(Xpred " Xpred )2(Xexp " Xexp)2#
               (Eq. 3.2) 
 
The RMSD is an average of the magnitude of the residual between experimental and 
predicted chemical shifts. It tells us about the accuracy of the prediction tool on an 
average basis. The correlation coefficient (R) is a measure of the covariance between the 
experimental and predicted shifts, and tells us about the magnitude and direction of the 
assumed linear association between the experimental and predicted shifts. The errors in 
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the prediction can be either systematic (for example: due to a chemical shift referencing 
error) or random.  
In assessing the accuracy of a tool, it is important to consider both the RMSD and 
the correlation coefficient because they have differential sensitivities to systematic and 
random error. When there is a large systematic error to an otherwise precise prediction, 
the RMSD will be large, but the correlation coefficient will still be close to 1. When 
prediction is accurate and the error is random, the RMSD is small and the correlation 
coefficient is still close to 1. If the prediction is completely random and inaccurate then 
the RMSD should be large and the correlation coefficient should be close to 0. The 
published1 RMSDs and correlation coefficients for various nuclei using SPARTA+ and 
SHIFTX2 are shown below in Table 3.1 
 
 SPARTA+  SHIFTX2  
 RMSD (ppm) R RMSD (ppm) R 
15N 2.7 0.88 1.12 0.98 
13Cα  1.1 0.97 0.44 0.99 
13Cβ  1.1 0.99 0.52 0.99 
13C’ 1.2 0.85 0.53 0.97 
1HN 0.63 0.51 0.17 0.97 
1Ha 0.31 0.85 0.12 0.97 
Table 3. 1. Summary of the published statistics quantifying the error in two commonly 
used predictive tools SPARTA+ and SHIFTX2 using the same test set of 61 soluble 
proteins whose structures/sequences are not in the databases. From the data it is clear 
that the more recent program SHIFTX2 has a slightly better accuracy in terms of 
lowered RMSDs and higher correlation coefficients, particularly for nitrogen and 
proton chemical shifts. 
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3.3. Results and Discussion 
3.3.1. How good are the predictive tools for solid-state shifts? 
The emerging solid-state biomolecular NMR literature necessitates that tools like 
SPARTA and SHIFTX, which are ultimately based on solution NMR datasets, are 
applicable to solid-state datasets as well.  For small proteins such as GB1 and SH3, 
SHIFTX has been used in conjunction with CHESHIRE to generate high-resolution 
structures6.  However, the predictive accuracies of these programs are expected to be 
lower for solid-state chemical shifts than solution shifts7. The differences between solid-
state and solution shifts have been attributed to effects such as crystal-packing and 
solvent exposure8,9 and in the case of membrane proteins, to the differences in the 
hydrophobic phase. Comparative statistics for solid-state data are available for the older 
versions of these programs (SPARTA and SHIFTX) but the newer versions (SPARTA+ 
and SHIFTX2) have not yet been vetted by the solid-state community.7  
In order to evaluate the tools for solid-state shifts, I chose twelve relatively 
complete solid-state NMR chemical shift datasets that are publicly available at the 
BMRB10. Three of these are membrane proteins and the other nine are microcrystalline 
proteins. The datasets were chosen based on the availability of a crystal structure of the 
protein under similar sample conditions to the NMR. Prions and fibrils were not 
included because crystal structures were unavailable for those proteins. The deposited 
chemical shifts were checked for any obvious chemical shift referencing errors by using 
the referencing tool CheckShift11. For almost all of the proteins CheckShift indicated a 
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referencing offset, so each dataset was corrected empirically using this offset. For each 
protein, the closest available crystal structure was obtained from the PDB and protons 
were added computationally using the REDUCE12 program from the Richardson Lab 
using the reported pH for the NMR sample. The atomic coordinates were then input to 
both the SHIFTX2 and the SPARTA+ webservers, and the resulting predicted shifts for 
15N, 13Cα, 13C=O and 13Cβ were analyzed using a suite of in house python scripts. Only 
atoms that had both an experimental chemical shift and a predicted chemical shift were 
considered. RMSDs and Pearson’s R were calculated for each atom type for each of the 
twelve proteins. Solid-state 1H chemical shifts were not available for enough of the 
proteins and were therefore ignored. Details regarding the proteins are in Table 3. 3 and 
the average statistics for the solid-state data based on these 12 proteins are shown below 
in Table 3. 2 
 SPARTA+  SHIFTX2  
 RMSD (ppm) R RMSD (ppm) R 
Membrane proteins     
15N 3.84 0.75 3.31 0.78 
13Cα  1.98 0.96 2.09 0.96 
13Cβ  1.50 0.99 1.57 0.99 
13C=O 1.46 0.67 1.57 0.66 
Combined (all 12)     
15N 3.79 0.77 2.89 0.84 
13Cα  1.43 0.97 1.21 0.98 
13Cβ  1.49 0.99 1.31 0.99 
13C=O 1.42 0.75 1.18 0.80 
Table 3. 2 Summary of the statistics on the predictive ability of SPARTA+ and SHIFTX2 
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2008 
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Comparing the solids NMR statistics in Table 3. 2 to the solution NMR statistics in Table 
3. 1, four clear trends can be seen.  
1) The chemical shift predictions are on average much worse for solid-state NMR data 
than solution NMR data i.e. they have higher RMSDs and lower Pearson’s R. The 
difference is not due to a systematic offset effect between solution and solid-state 
shifts, which can be addressed by changing the referencing, but is rather due to an 
accumulation of random errors in the prediction. 
2) SHIFTX2 is marginally better than SPARTA+ for solid-state data and significantly 
better then SPARTA+ for solution state data. This is probably due to the fact that the 
SHIFTX2 database is a smaller and more tightly curated database, and it also 







15546 2ZUQ 3.3 Å 176 x-ray: Inaba et al, 
2009 






17064 1XIO 2.0 Å 229 x-ray: Vogeley et al, 
2004 
NMR: Shi et al, 
2010 
Table 3. 3. Summary of the deposited solid-state chemical shifts and associated 
structures available in the BMRB as of April 2012. 
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3) The RMSD for membrane proteins is larger than for soluble proteins. This is 
expected given that the crystal structures of membrane proteins (which are used for 
the chemical shift predictions) use detergents and make measurements at 100 K 
while the solid-state NMR studies typically study the proteins in a lipid bilayer at 
temperatures closer to room temperature. 
4) The prediction errors for 15N and 13C’ shifts are larger than for 13Cα and 13Cβ shifts, 
probably because both 15N and 13C’ participate in hydrogen bonds and are known to 
be very sensitive to electrostatics and other environmental factors that are not 
captured by torsion angle based methods such as SPARTA+ and SHIFTX2. 
Interestingly, while the RMSD for 15N is much larger than that for 13C=O, the 
correlation coefficients for the two nuclei are roughly similar indicating that there is 
some systematic effect on nitrogen chemical shifts that does not originate in the 





3.3.2. Establishing distinct states of KcsA at high and low K+ 
In chapter 2, the backbone (N, Cα, C’) and sidechain (Cβ, Cγ) chemical shifts of 
several marker peaks were assigned at pH =7.5 and two different permeant ion 
conditions: (1) [K+] = 50 mM and (2) [Na+] = 50 mM,  [K+] = ~0.2 µM. Spectra and 
Figure 3. 2. A summary of the chemical shift prediction statistics (RMSD, top and 
Pearson’s R, bottom) using two recently developed programs SHIFTX2 (left) and 
SPARTA+ (right). The bars in red show statistics reflecting the average of 61 solution 
state NMR datasets. The bars in black and grey show solid state NMR data.  
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analysis of these shifts are shown in figures below. Figure 3. 3 displays overlaid 
homonuclear (13C-13C) and heteronuclear (13C-15N) spectra of KcsA at [K+] = 50 mM and 
< 1 µM that illustrate significant differences in the chemical shift at several sites in the 
selectivity filter. The observed changes in chemical shift are reproducible to within 0.2 
ppm. The chemical shifts of V76 and G77, which are in the middle of the selectivity filter 
and chelate K+ ion binding sites S2 and S3, show some of the strongest dependence on 
potassium ion concentration. V76 Cβ is shifted by 1.8 ppm and the C’ is shifted by ~ 3 
ppm between the high and low K+ states. The backbone chemical shifts of residues at 
the edges of the filter including T74, G79 and D80 also exhibit significant changes.  
The chemical shift changes are localized to the selectivity filter indicating a local 
structural change in response to K+ concentration. These differences are much larger 
than the typical linewidth of our peaks (~ 0.3-0.5 ppm in the 13C dimension) and absent 
in other regions of the protein like the transmembrane helices suggesting that there is a 
local potassium dependent structural rearrangement that occurs specifically in the 
selectivity filter while the overall architecture for the rest of the protein remains 
unchanged. A detailed description of the evidence for the assignment of selectivity filter 
peaks in the low K+ state is shown in Appendix 3. For many markers, the peaks don’t 
just shift, but also split and exhibit multiple chemical shifts and therefore multiple 
conformations. This aspect is analyzed in more detail in Chapter 4.  
Here an attempt is made to use the program SHIFTX2 to interpret the chemical 
shifts measured at the two extreme K+ concentrations to determine whether they 

















Figure 3. 3. Homonuclear 13C-13C and heteronuclear 15N-13C solid state NMR spectra 
under two different K+ conditions. Chemical shift changes in the selectivity filter at 
multiple sites on residues T74, T75, V76, G77, Y78, G79 and D80 between 50 mM K+ 
(blue) and < 1µM K+ (red) are shown. The data support the existence of at least two 
















Figure 3. 4. Difference in chemical shifts between the 50 mM K+ state and the < 1 µM 
K+ state plotted for all assigned residues resolved via 2D heteronuclear and 
homonuclear correlation experiments at the two concentrations. The average RMS 
chemical shift change for the entire residue is plotted in black at the top. Nucleus 
specific shift changes are plotted below for N, Cα, Cβ and C’. The changes seem 




3.3.3. Chemical shift analysis of the conformers using SHIFTX2  
Crystallographers have shown that the selectivity filter of KcsA adopts different 
conformations depending on the ambient potassium level; at high K+ it exists in a 
conductive state (PDB: 1K4C) and at low K+ it pinches into a non-conductive or 
collapsed state (PDB: 1K4D) with reduced ion occupancy. The crystal structures of these 
states are shown in Figure 3. 1. 
We wanted to see if we could map our chemical shifts onto these two states using 
database tools like SHIFTX2. In order to do this we compared our high K+ shifts to the 
predicted shifts based on high potassium crystal structures 1K4C the low K+ chemical 
shifts to two different low K+ crystal structures: 1K4D and 2ITC. Our shifts at high K+ 
were in good agreement with the conductive structure in 1K4C and our low K+ shifts 
are in good agreement with the collapsed structure 2ITC. However, the agreement is 
not statistically significant because the tools are unable to distinguish between the high 
K+ and the low K+ conformation. While the tools are able to distinguish between 
different protein folds fairly accurately, they lack the predictive sensitivity to subtle 
changes in structure, so we cannot use the prediction to distinguish between 1K4C and 
1K4D/2ITC because the changes are too subtle and within the error margin of the tools. 
To check whether the predictive error was a systematic effect or a random effect 
we compared the predicted chemical shift differences to the experimental chemical shift 
differences between the two states. Although the RMSD between the predicted and 
experimental shift differences is lower, the correlation coefficient between the 
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differences is much worse than the correlation coefficient between the absolute shifts, 
suggesting that the error in the prediction is more random than systematic and that 
there are probably significant electrostatic effects, specially on the chelating carbonyl 
groups, that confound even the best database methods like SHIFTX2. 
 



















N 6.2 (0.94) 6.5 (0.92) 5.9 (0.93) 6.1 (0.92) 6.4 (0.93) 3.0(0.43) 
Ca 1.4 (0.98) 1.5 (0.98) 1.5 (0.98) 1.5 (0.98) 1.5 (0.98) 1.4(0.44) 
Cb 1.4 (0.99) 1.5 (0.99) 1.6 (0.99) 1.7 (0.99) 1.5 (0.99) 0.9(0.43) 
CO 1.6 (0.6) 1.9 (0.49) 1.9 (0.55) 1.9 (0.47) 1.9 (0.5) 1.1(-0.05) 
 
3.4. Conclusion 
We show that we are able to detect at least two different conformations of KcsA at high 
(50 mM) K+ and low (< 1 µM) K+ and neutral pH. The chemical shift changes between 
these states are localized to the region of the selectivity filter and these two states are in 
slow exchange on the NMR timescale. The low K+ state requires a bathing supernatant 
in order to be detected. Analysis of the shifts using the semi-empirical database tool 
Table 3. 4.  RMSDs and Pearson’s R comparative statistics between two sets of 
experimental chemical shifts at high and low K+ and three different crystals structures 
1K4C (conductive) and 1K4D, 2ITC (collapsed). The last column shows the 




SHIFTX2 provides a useful starting point for a null hypothesis, which is that at low K+, 
we see a state that is similar to what the crystallographers call the “collapsed” state of 
the filter and at high potassium we see a state similar to the “conductive” state of the 
filter. However due to the random error in the predictions, these tools are not the yet 
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4. K+ affinities and ion-binding equilibria in the 






In this chapter I present and discuss results from the site-specific potassium ion titration 
experiments of KcsA by solid-state NMR. These experiments use the resonance 
assignments and the chemical shift characterization of the limiting states described in 
the previous chapters. We measure site-specific dissociation constants (Kd) for K+ in the 
selectivity filter and show that it in the 1-15 µM regime, which is three orders of 
magnitude lower than previous measurements made by solution NMR and isothermal 
calorimetry, but is in good agreement with results from electrophysiology. Potential 
causes for this difference are discussed. We also show that Na+ is essential to trigger the 
structural collapse of the filter and that the exchange rate between the high and low K+ 
conformations of KcsA is slow (< 500/s). Finally we analyze the anticooperative shape 
of the binding curve at V76 in terms of ion-binding events at sites S1 and S4 at the 
periphery of the selectivity filter. The results provide a detailed landscape of the 
complex equilibria involved in the collapse of the selectivity filter at low K+. 
 
4.2. Introduction 
4.2.1. Ion Conduction Mechanisms in KcsA 
An important mechanistic question relevant for all potassium channels is how they 
simultaneously achieve a very fast ion-conduction rate while remaining highly selective 
for potassium over sodium.  
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Early crystal structures of KcsA showed that there are four ion-binding sites 
formed by carbonyl oxygens in the pore.1,2 Electron density maps of the pore in the 
conductive state showed partial K+ ion occupancy at all four sites in the filter. Owing to 
the proximity of adjacent binding sites and the electrostatic repulsion between nearby 
dehydrated potassium ions, Mackinnon et al. reasoned that all four sites must not be 
simultaneously occupied.3,4 Using the anomalous x-ray scattering property of the 
thallium ion (Tl+), which is a good substitute for K+ and is conducted by KcsA, Zhou 
and Mackinnon estimated that at ion concentrations of ~100-200 mM, the occupancy of 
the selectivity filter was approximately 2 ions and at concentrations of less than 65 mM, 
the occupancy reduced to 1.3 The electron density patterns are now interpreted as 
reporting on a mixture of two states in which alternating binding sites are occupied 
These two ion occupancy states are called the (1,3) state and the (2,4) state based on 
where in the filter the ions reside. The two-ion occupancy states have not yet been 
individually detected because they are expected to be nearly iso-energetic and therefore 
always in fast-exchange at even at low temperatures. Also, most x-ray methods to 
quantify the K+ occupancy are complicated by the fact that K+ and water have similar 
numbers of electrons are therefore difficult to distinguish based on diffraction alone. 
Should these two states exist, they would support a discrete conduction 
mechanism known as the knock-on mechanism.5 In this mechanism (1,3) and (2,4) are 
near iso-energetic states and it is the addition of a third K+ ion to the filter that causes 
increased electrostatic repulsion and propels conduction. In effect the third K+ ion 
“knocks on” to the ion at S4, which pushes it into S3, but because ions cannot reside in 
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adjacent binding sites, the ion that was knocked to S3 moves to S2, and the ion in S2 is 
released to the extracellular side of the channel. A fundamental piece in this mechanism 
is that the ion occupancy of the selectivity filter must remain at 2 - as soon as a third ion 
is added to the filter, the electrostatic repulsion between K+ ions is larger than the 
binding interaction between the selectivity filter and K+, and the extra ion is pushed out.  
An alternate conduction mechanism is a vacancy diffusion mechanism in which the 
penalty for neighboring K+ occupancy is not prohibitively high i.e. adjacent sites can be 
simultaneously populated and the ions essentially diffuse through the channel. In this 
mechanism ions occupancies of greater than 2, i.e. states like (1,2,4) or (1,3,4) etc. are 
permitted, and ion conduction proceeds through a series of such states with various 
occupancies.6,7 The knock on mechanism is really just a special case of the vacancy 
diffusion mechanism in which the lifetime of intermediates with ion occupancies 
greater than 2 is very short on the experimental timescale. 
 
4.2.2. Measurements of ion affinity 
Selectivity in binding typically involves a relatively high affinity for the ligand, which is 
often correlated with slow kinetics of ligand release. K+ channels select for K+ with more 
than three orders of magnitude better affinity than other small cations such as sodium.8 
Yet, they are able to transport ions on the nanosecond timescale, a process interpreted 
as being diffusion limited. The fast kinetics and high selectivity are qualitatively 
rationalized by invoking electrostatic repulsion between the ions inside the pore i.e. 
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selective binding energy can be overridden my the close proximity of positively 
charged ions, which drives conduction.   
 To date, some key pieces of experimental evidence that are required to 
quantitatively model the conduction mechanism, like the magnitude of the channel’s 
affinity for K+, remain disputed. Several groups have made K+ affinity measurements 
on the model K+ channel KcsA reconstituted into detergent micelles. Studies by x-ray2, 
solution NMR9,10 and isothermal calorimetry11 report a millimolar range affinity for K+ in 
the pore. However, electrophysiological measurements12,13 in lipid bilayers suggest a 
micromolar affinity for K+ in the pore. Since these measurements were made by a variety 
of different methods on different protein constructs under different experimental 
conditions, the cause of the discrepancy is unclear. This large discrepancy (over three 
orders of magnitude) between the affinities measured by different groups and the lack 
of any clarity regarding the affinities at the different sites in the pore, is what ultimately 
motivates the work presented here.  
 We use solid-state NMR to make site-specific affinity measurements at various 
sites in the selectivity filter of KcsA reconstituted into hydrated lipid bilayers. The ion-
binding curves we obtain lead to insights regarding the various equilibria involved in 




4.2.3. K+ concentration dependent conduction modes of KcsA 
The simplest experiment to measure ligand affinity for a protein is to vary the substrate 
concentration and watch how the populations of the ligand-bound and free protein 
change. In the case of KcsA, studying of how the channel behaves under limiting [K+] 
conditions can allow us to measure its inherent affinity for K+ and any interactions that 
may exist between the different binding sites. Such an analysis, however, is complicated 
by an observed non-linear dependence of the conductance of KcsA on the ambient K+ 
level, which is indicative of a mechanism involving multiple ions. 
Electrophysiological studies show that the channel conductance increases in two 
stages, a low concentration “burst” phase at less than 20 mM followed by a much 
slower “creep” in conductance that fails to reach full saturation even at 1,600 mM K+.8 
The increase in conductance is coupled to a significant decrease in the open probability 
of the channel at high K+ - so at several hundred millimolar of symmetric K+ and a 
membrane holding voltage of 200 mV, KcsA opens a lot less frequently, but the 
amplitude of the current when it does open is large. Figure 4.3, which is from a paper 
describing the first comprehensive functional characterization of KcsA by LeMasurier et 
al.8 , shows this behavior. 
The increase in conductance at the high millimolar level is typically interpreted 
as changing the average ion occupancy of the channel from 2 to 3 and the possible 
population of weaker binding sites in the cavity and at the extracellular mouth. In terms 
of particular binding sites inside the pore, n=3 configuration is expected sample 
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positions (1,2,4), (1,3,4), (2,3,4) etc., and n=2 is interpreted as transient ion 
configurations of (1,3) and (2,4). In this regime a “low” potassium concentration is of the 
order of < 20 mM and a high potassium concentration is of the order of 200-500 mM. 
In this work we focus on a third regime of K+ concentrations, which induces a 
structural change in the selectivity filter in KcsA and renders the channel completely 
non-conductive. This transition occurs in the micromolar regime and is typically 
interpreted as changing the ion occupancy from n=2 to n=1. Due to low current 
amplitudes of channels at very low K+, and the difficulty in measuring the currents 
reliably, current measurements in this regime are scare. However, the non-conductive 
state of KcsA is of great scientific interest due to its proposed structural similarity to an 
inactivated state of the channel and the importance of K+ channel inactivation in 





Figure 4. 1. Taken from LeMasurier et al. 2001 shows KcsA channel traces in 
varying concentrations of K+. In A the representative single-channel openings at K+ 
concentrations of 20, 200, 400 and 1200 mM are shown with the accompanied by 
amplitude histograms taken on 0.7–15 s data blocks and excluding long-lived 
closed states. Notice that at 1200 mM K+ the amplitude of the current increases but 
the open probability of the channel is significantly lowered. In B the current-
voltage relations at each of the different K+ concentrations is shown. KcsA is 
slightly outward rectifying i.e. it conducts current preferentially in the outward 
direction. At high K+ concentrations, (> 100 mM), this effect is magnified and at 






Figure 4. 2. The structural collapse of the filter as documented by x-ray 
crystallography is shown. A and B show two different views of the conductive 
structure (PDB: 1K4C) that is interpreted as having an ion occupancy of 2.  C/D 
show views of the collapsed structure (PDB: 1K4D) that has an overall ion 
occupancy of 1. Notice in A that the chelating carbonyl backbones of the filter 
residues are in register as you look down the channel (red backbone oxygen atoms 
on the inside, blue backbone nitrogen atoms on the outside), however when the 
channel collapses the chelating carbonyls are no longer in register. Furthermore, 
notice that the carbonyl of V76, indicated by the arrow in D, flips sideways and 




4.3.1. What is a binding affinity 
Consider a ligand L binding to a protein P to make a protein-ligand complex PL. The 
simplest protein-ligand binding model is the Langmuir binding isotherm, which is 
derived below.  
 
 
K! = P [L]!"##[PL]  
 
so, [PL] = Kd[P][L]free 
The ligand concentration of interest is the free ligand concentration. This becomes an 
important consideration for solid-state NMR studies in which the macromolecular 
concentration can sometimes be much higher than the ligand concentration. 
The total concentration of all protein sites Ptotal  = P + PL 



















Kd in equation 4.3 is the binding affinity for a one-step ligand-protein binding event i.e. 
the equilibrium ligand concentration, which yields exactly half-occupancy of the protein 
sites. In kinetic terms the Kd is the ratio of the forward and backward rate constants that 
describe the binding equilibrium. If a ligand binds to a protein very tightly, a lower 
ligand concentration is required to reach half-saturation, and the Kd is low. If the ligand 
binds weakly, a higher ligand concentration is required to reach half-saturation and the 
Kd is high as shown in Figure 4. 3. 
 
 
4.3.2. Generalized binding polynomials for “n” ligands 
In many biological systems, the biological response is directly proportional to the 
fraction of protein molecules that have bound ligands. Therefore many systems have 
Figure 4. 3. Simulated Langmuir binding isotherms for a simple one-step binding 
process are shown. The y-axis shows the fractional occupancy of the protein sites and 
the x-axis shows the free ligand concentration in arbitrary units. Three different cases 
are shown with three different Kds – a high affinity process (left), a medium affinity 
process (middle) and a low affinity process (right). 
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evolved to be controlled by a series of successive ligand binding events and a complex 
series of linked binding equilibria to be able to adapt to different regimes of ligand 
concentrations and modulate the ligand occupancy with greater sensitivity.14 
Consider system with a protein (P) that has n different binding sites interacting 
with a ligand (L) via a series of linked equilibria. Mechanistically, there are two ways in 
which the ligands can interact with the proteins represented schematically in Figure 4. 
4. In the first model the various ligand associations occur in a sequential manner such 
that binding of the first ligand is a necessary precondition for the second ligand 
association, and so on. In the second model the multiple ligands interact with the 





Figure 4. 4. A cartoon depiction of the different ways in which ligands can associate 
with the protein. 
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Sequential binding for n ligands can be described by the reaction scheme shown in Eq. 
4.6 and a generalized binding polynomial, commonly known as the Adair equation can 
be derived using a simple extension of the methods described above 





The fractional ligand occupancy is the average occupancy (ν) divided by the total 





In the case of simultaneous binding, assuming the simplest case of identical non-
interacting binding sites, the distribution of ligands on the protein becomes a simple 
combinatorics problem. For the first association, the ligand can bind an one of n sites, so 
the total on-rate (kon) is n times the individual forward rate constant for each site, but 
Eq.4. 4 
!  = 1.[P]K1[L]+ 2.[P]K1K2[L]
2...+ n[P]K1K2...Kn[L]n
[P] + [P]K1[L] +[P]K1K2[L]2...+[P]K1K2...Kn[L]n
Eq.4. 5 
Eq.4. 6 






































Average ligand occupancy (! ) = bound ligandstotal protein  =




the off rate (koff) is dependent solely on the one ligand that is bound. So the overall Kd 
(Kd = koff/kon) for the first binding event is (1/n) times the independent Kd for each site. 
For the second association, the ligand can bind at one of (n-1) sites on the protein and 
the koff is dependent on 2 dissociation events, and so on. Mathematically this is 
represented by modifying Eq. 4.8 to include a combinatoric pre-factor shown in Eq. 
4.10. 
 
! + !"      !!!!!⇋         !" + ! − 1 !          




One very clear difference between these models is the ligand distribution at half 
saturation. If all the binding sites are independent of each other and have identical 
individual Kds, then at half saturation, simultaneous binding will lead to a binomial 
distribution of the ligands, whereas sequential binding leads to a uniform distribution 
of the ligands. Typically, equilibrium binding experiments cannot easily distinguish 
between these different modes of binding.  
 
Eq.4. 7 
















































4.3.3. Linked Equilibria and Cooperativity 
If each of the binding sites in the protein is independent of the other (i.e. it does not 
influence the other binding sites on the protein), then the individual equilibrium 
constants depend only on their relative statistical pre-factors as discussed above.  
However, in many proteins, ligand occupancy at one binding site affects the 
equilibrium constant for ligand binding at other proximal sites. The effects can be 
electrostatic or steric or mediated by a ligand induced conformational change and the 
interaction is called cooperativity. 
 The variance in the average number of bound ligands at half saturation is deeply 
linked with cooperativity.16 Consider a non-cooperative system where the equilibrium 
constants of each consecutive binding event are equal. The ligands will follow a certain 
distribution at half saturation, which can be calculated in a model-dependent fashion 
using equations 4.6 and 4.8. In a qualitative sense, cooperativity is a measure of the 
change in that variance as a result of consecutive binding events being coupled. 
Positive cooperativity occurs when ligand binding at one site enhances the binding 
capacity of the nearby sites (K1 < K2 < K3). Positive cooperativity is a mechanism to get 
an all-or-nothing response over a narrow range of ligand concentration by significantly 
reducing the population of intermediates in a multiple-ligand binding process. It makes 
the binding isotherm much steeper, reduces the apparent Kd compared to a typical non-




Negative cooperativity occurs when ligand binding at one site destabilizes binding 
of the next ligand (K1 > K2 > K3). It is a means of stabilizing intermediates in the binding 
process and increasing the ligand concentration range over which a protein is sensitive 
to the ligand. Negative cooperativity makes the binding isotherm less steep, increases 
the apparent Kd and reduces the variance in the binding number distribution at half 
saturation.  
Figure 4.5 below compares positive-, negative- and non-cooperative binding for a 





Figure 4. 5. Simulated data for a 3-step sequential binding process involving 3 ligands 
is shown. In (A), the populations of the various ligand bound states at half-saturation 
(1 µM) are shown for a negative (red), positive (blue) and non-cooperative (black) 
system. In (B) the mean binding number is plotted as a function of increasing ligand 
concentration for the three cases and in (C) the variance in the binding number is 




4.3.4. The Hill Equation 
The simplest and most empirical way to mathematically model cooperativity in protein-
ligand binding is using the Hill equation, which was first formulated by A.V. Hill to 
describe oxygen binding to hemoglobin. The Hill equation describes a special case of 
the general binding polynomial in which the population of all intermediates is ignored. 
For example, if you consider the simple case of 2 sequential binding events, the binding 
polynomial in this case would be: 
 
 
If the sites interact positively K2 >> K1, so the last terms of the numerator and 
denominator dominate the expression and in the limit of high ligand concentrations, the 
polynomial reduces to: 
 
 
The exponential term is called the Hill coefficient. Notice that in the case of positive 
cooperativity, the value of the exponent is related to the maximum number of binding 
sites in the protein, so the general form of the Hill equation for N-site binding is: 




















The Hill coefficient “n” is not always equal to the number of binding sites N, but reflects 
a lower limit for the value of N. A Hill coefficient of less than 1 is used to empirically 
describe negative cooperativity but such an exponent cannot be derived from the 
binding polynomial in a straightforward way. 
Enzymologists have rigorously defined the Hill coefficient as the slope of a Hill 
chart at half saturation. A Hill chart plots the difference in the chemical potential 
between the bound and the free macromolecular sites, as a function of the chemical 
potential of the binding ligand.17 Using this definition, it is also possible to describe 







The Hill Equation is useful as a simple, empirical tool to study binding curves. It 






















































coefficient “n”, and can therefore be easily used on sparse data to get a qualitative idea 
of what the binding kinetics may be. In the case of simple sequential or simultaneous 
positive cooperativity, the Hill coefficient provides a minimum value for the number of 
functional binding sites, and a value less than one can indicate negative cooperativity or 
binding site heterogeneity. The Hill coefficient can therefore generally it can be thought 
of as an interaction coefficient between the binding sites.  
 However, despite its attractive simplicity, the Hill Equation does not have a real 
mechanistic basis (a Hill coefficient of 2 implies a tri-molecular reaction between a 
protein and two ligands without any intermediate steps, which is very unphysical) 
Therefore the physical insights from its use are limited. This is particularly evident in 
the case of negative cooperativity in which a Hill coefficient of less than one can be due 
to multiple independent binding sites with different affinities or actual negative 
interactions between otherwise identical sites, and there is no easy way to distinguish 
between these possibilities. 
Therefore in order to get more mechanistic insight, it is more useful to derive the 
equilibrium expressions particular to the case of interest and if necessary to use more 
sophisticated models18 like the concerted Monod, Wyman and Changeux model19 
(MWC) or the sequential Koshland, Nemethy and Filmer model20 (KNF).  In the 
analysis of K+ binding to KcsA, we begin by fitting the binding curves to a simple Hill 




4.3.5. Fractional occupancy equations by NMR 
Traditional methods to study ligand binding often rely on direct measurements of the 
bound and free ligand forms. For example, if the UV absorption or fluorescence of the 
ligand is different in the free vs. the protein-bound states, this property is measured as a 
function of increasing ligand concentrations and used to quantify the binding of the 
ligand to the protein. When such ligand-based measurements are used, the 
mathematical form of the fractional occupancy is calculated from the perspective of the 
ligand, as shown above in equations 4.6 and 4.8. 
Studies of ligand binding by NMR, however, do not necessarily distinguish 
between the bound and free ligand, but rather distinguish between different protein 
states. Therefore the mathematical formalism to describe fractional occupancy from an 
NMR experiment is different from the equations described above, and needs to be 
derived on a case-by-case basis depending on which protein conformations are 
distinguishable by NMR.  
 For example, consider a simple system of 2 sequentially linked equilibria. 
Assume that the protein changes its conformation from P to P’ after the first ligand 
binds and from P’ to P’’ after the second ligand binds.  




A traditional binding experiment would yield a fractional occupancy of the form: 
 
An NMR experiment would be sensitive to the relative populations of P, P’ and P’’. So 
the fractional population of P’’ measured by NMR would be of the form: 
 
Notice the difference between equations 4.13 and 4.14. This difference is very important 
to remember when comparing binding experiments based on free and bound protein 
states by NMR to binding experiments based on free and bound ligand states, which is 
the traditional approach to describing ligand-binding kinetics. 
 
4.4. Results 
4.4.1. K+ stoichiometry by Atomic Absorption Spectroscopy 
In order to measure the changes in ion occupancy coupled to the observed changes in 
chemical shifts between high and low K+ samples, we used atomic absorption 
spectroscopy (AA) measurements to quantify the amount of potassium in our NMR 
samples. The samples were prepared with ~10-20 mg of KcsA and buffer K+ 
concentrations ranging from 0.2 µM to 50 mM. Using the AA results, we were able to 


















estimate an approximate K+: protein ratio. These data are presented below in Table 4. 1 
and they show that there are two ions that get added in the micromolar regime. We 
therefore interpret our low K+ shifts as reporting on a state devoid of K+ (and bound to 
Na+) and our high K+ shifts as reporting on KcsA bound to 2 K+ ions. The affinities of 
these first two ions are close but not identical and are both in the micromolar regime. 
Table 4. 1 shows data for both the wildtype KcsA channel and a mutant channel E71A, 
which is discussed further in chapter 5. Detailed analysis of the atomic absorption 
spectroscopy results including a discussion of the errors is shown in Appendix 4. 
 
Sample [K+] in buffer 
(measured by AA) 
[K+] in pellet 
(measured by 
AA) 




WT KcsA 0.2 ±  0.2 µM 1.3  mM  ~ 3.0 ±  0.5 mM 0.4 ±  0.3 
WT KcsA 5.1 ±  0.2 µM 2.3 mM ~ 3.0 ±  0.5 mM 0.7 ±  0.3 
WT KcsA 42.6 ±  0.2  µM 3.3 mM ~ 3.0 ± 0.5 mM 1.1 ±  0.3 
WT KcsA 200.5 ±  0.2  µM 12 mM ~ 5.2 ± 0.5 mM 2.2 ±  0.3 
WT KcsA 3.1 mM   26.5 mM ~ 5.3 ±  0.5 mM 4.9 ±  0.3 
WT KcsA 50 mM   32.8 mM  ~ 4.8 ±  0.5  mM 6.8 ±  0.3 
E71A KcsA 0.25 ±  0.2 µM 1.1 mM ~ 2.4 ±  0.5  mM 0.5 ±  0.3 
E71A KcsA 7.5 ±  0.2 µM 3.6 mM ~ 2.4 ±  0.5  mM 1.5 ±  0.3 
E71A KcsA 50.1 ±  0.2 µM 4.2 mM ~ 2.4 ±  0.5  mM 1.7 ±  0.3 
 
 
Table 4. 1. A summary of results from atomic absorption (AA) spectroscopy analysis of 
the KcsA pellet after solid-state NMR measurements is shown. Measurements were 
made on both WT KcsA and a mutant E71A. It was to get a purely “0” K+ state because 
AA revealed that there was always trace amounts of K+ in the buffers. The large 
ion:protein ratios at 3 mM and 50 mM probably reflect nonspecific binding of K+ to the 






Figure 4. 6. A plot of the K+ : KcsA ratio for samples prepared in equilibrium with 
micromolar concentrations of K+, as a function of the ambient K+ concentration in the 




4.4.2. NMR markers for K+ binding and channel collapse 
We titrated the ambient K+ concentration between 0.2 µM and 150 mM to identify 
the ion affinity associated with the low K+ induced structural transition. At each point 
the ionic strength of the bathing buffer was kept constant by replacing KCl by NaCl. 
Figure 4. 7 shows homonuclear and heteronuclear spectra of various markers in the 
selectivity filter including T74, T75, V76 and G79. The spectra show that a transition 
between the two states occurs at a potassium concentration between 1 and ~15 µM. Both 
conformations of the filter are observed in the spectra at [K+] < ~15 µM, although their 
relative populations vary in a site-dependent manner. 
The chemical shifts of several resonances around the K+ binding sites S1-S4 are 
shifted as a function of the K+ concentration. We suspect that some of the chemical 
shifts report on ion binding and others report on the structural change between the 
conductive and collapsed states. It is also likely that some markers are sensitive to both 
processes. However, for a variety of technical reasons, not all of the assigned resonances 
could be used for the affinity measurements. Markers for the quantitative fits were 
chosen using the following criteria: 
(1) The marker needs to have a clear sequential contact (N-C correlation) validating its 
resonance assignment in both the high and low K+ positions 
(2) The intensity and chemical shifts of the marker peaks should not be affected by 
uncontrollable factors i.e. there must be batch-to-batch, K+ level dependent 
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reproducibility in the intensity and chemical shift of the marker across multiple 
sample preparations. 
(3) Both the high K+ and the low K+ state of the markers must be nearly baseline 
resolved in a C-C 2D or a N-Cα 2D experiment. Resolution of the two 
conformations, especially at intermediate K+ levels, is essential in order to make 
accurate measurements of the intensities. 
(4) The minor population of the marker must be detectable under reasonable 
experimental conditions – typically a 24-hour 2D experiment.  
 
In the table below, every resonance in the selectivity filter is listed and annotated based 
on the observed chemical shift difference and its use as a potential titration marker 





Resonance Δ  CS in ppm 








T74  N 2.1 Y 7.9 (S4) (2) 
T74 Cα -0.2 Y 7.1 (S4) Good marker 
T74 CO -0.4 N 5.6 (S4) (3) 
T74 Cβ -0.5 Y 7.6 (S4) Good marker 
T74 Cγ  0.8 Y 9.1 (S4) (3) 
T75  N -4.5 Not clear 5.4 (S4) (3) 
T75 Cα 0.8 Y 4.3 (S4) (4) 
T75 CO 0.4 Y 3.8(S4), 3.9(S3) (3) – Good for 
future studies 
T75 Cβ 0.3 Y 3.5 (S4) (4) 
T75 Cγ 0.8 Y 4.8 (S4) (3) 
V76  N 3.1 Not clear 4.8 (S4), 4.3 (S3) (3) 
V76 Cα 1.2 Y 4.0 (S3), 5.1(S4) Good marker 
V76 CO 2.2 Not clear 3.6 (S3), 4.0 (S2) (3), (1) 
V76 Cβ 1.8 Y 5.4 (S3) Good marker 
V76 Cγ1,2 0.4, 0.9 Y 5.6,6.1 (S3) Good marker 
G77 N -5.6 N 4.5 (S2), 4.6 (S3) (3) 
G77 Cα 0.9 N 4.1 (S2), 5.0 (S3) (3) 
G77 CO 0.7 Not clear 3.5 (S2), 4.2(S1) (1) 
Y78  N -2.9 Y 4.5 (S2), 4.6 (S1) (3) 
Y78 Cα 4.3 Y 4.1(S1), 4.8 (S2) (4) 
Y78 CO -0.1 N 3.4 (S1) (3) 
Y78 Cβ 1.0 Y 5.5 (S1) (4) 
Y78 ring Cs - Not easy to detect 6-8 (S1) - 
G79 N 0.1 Y 4.2 (S1) Good marker 
G79 Cα -0.9 Y 4.4 (S1) Good marker 
G79 CO - Not clear 5.7 (S1) (1) 
  
Table 4. 2. A summary of the various assigned NMR resonances in the selectivity filter 





Figure 4. 7. Spectral images from site-specific population data derived from the 
relative NMR intensities of the different conformations of peaks in the selectivity 
filter. The characteristic collapsed state shifts are marked in red, the conductive state 
shifts are marked in green. For many markers a population shift is seen from almost 
entirely collapsed (red) to entirely conductive (green) as the K+ concentration is 
increased. For T74 and V76 the populations suggest a 2-state model is adequate. At 




4.4.3. Simulating Slow Exchange between the high and low K+ states 
For many markers, at intermediate K+ concentrations of 0.2 µM - 10 µM, we 
observe at least two distinct populations for marker peaks in the selectivity filter. One of 
the conformations has chemical shifts identical to the high K+ state. The simultaneous 
observation of both conformations suggests that they are in slow exchange on the NMR 
chemical shift timescale.  
The NMR chemical shift timescale is defined by the difference between the 
frequencies (or chemical shifts) of the spins in the two conformations (Δω). If the 
chemical exchange rate between the spins (kex) is much larger than the chemical shift 
difference between the spins (kex >> Δω, known as fast limit) then a single resonance is 
observed at a population-weighted average chemical shift. When kex << Δω,  distinct 
NMR frequencies are observable for each conformation, and this is known as the slow 
limit. In the case of KcsA the chemical shift difference between the high and low K+ 
states, provides an absolute upper limit on the exchange rate between the 
conformations.   
We used V76 as a marker to simulate the effects of slow exchange. The chemical 
shift difference between the two conformations of Cβ at V76 is 1.8 ppm. On a 750 MHz 
instrument, this corresponds to a Δω of ~2130 radians. Therefore theoretically the 
exchange rate must be less than 2130/s. In practice, however, when kex approaches Δω,  
the spectral lines get greatly broadened due to interference between the exchange and 
the signal detection. This regime is known as intermediate exchange. Simulations of 
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exchange induced line broadening for our best marker V76 Cβ-Cγ, using a Δω  of 2130 
radians and standard parameters for the T2 relaxation rate and chemical shift anisotropy 
are shown in  
Our simulations suggest that if the exchange rate was greater than ~ 500/s, we 
would expect to observe considerable line broadening. Since we do not detect any 
significant line broadening in spectra at low K+, we conclude that kex, which is a sum of 
the forward and backward rates of exchange between the high and low K+ states at V76 
must be less than 500/s.  This represents a conservative upper limit on the rate of 
exchange, since the chemical shift difference for most of the other markers is smaller 







4.4.4. Site-specific titration curves 
In order to extract an effective Kd for the channel collapsing process, we extracted the 
relative population of both conformers (high K+ and low K+) as a function of the 
Figure 4. 8. Simulations of exchange induced line broadening at the V76 site using 
SPINEVOLUTION are shown. Simulation parameters included a static field of 750 
MHz, a chemical shift difference of 1.8 ppm between the two conformations, an MAS 
rate of 14 KHz, a dwell time of 100 us, an acquisition length of 1024 pts zero-filled to 
2048 points, a T2 relaxation time of 6 ms, and identical CSA parameters for both 
conformations (anisotropy = 23.9 KHz, asymmetry = 0.29). Exchange rates were 
sampled from .05 to 2.5 KHz. At rates greater than 500/s, the simulation suggested 
significant line broadening. 
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ambient K+ level for three markers chosen based on Table 4. 2. The populations were 
measured using the relative integrated intensity of isolated assigned marker peaks on 
2D spectra of KcsA at intermediate K+ concentrations. Details regarding how the 
populations were measured are discussed in section 4.9 at the end of the chapter and 
also in Appendix 4. Our best marker in terms of signal: noise, completeness and 
reproducibility is V76. We have two curves for this residue V76 Cβ-Cγ  and V76 Cα-Cγ 
which both yielded reasonably complete titration curves. We were also able to extract 
affinities using peaks at T74 Cα-Cβ and G79 N-Cα. 
The population of the high K+ state relative to the combined population of the 
high and low K+ states is plotted on a logarithmic scale of K+ concentration for the 
different markers in Figure 4. 9. Since the titration curves suggested a sigmoid form, we 
fit select curves to a generalized Hill-equation of the form shown in Equation 4.13. The 
fits yielded an overall affinity constant on the order of 1-15 µM. Individual fits show 
dispersion in the apparent dissociation constants between T74, V76 and G79. Since these 
markers are expected to report on both ion-binding and the structural change, we infer 
that both K+ ion binding and the transition between the conductive and the collapsed 
states occurs in the micromolar regime. 
 
 We found that a simple sigmoid dependence on [K+] did not lead to a good fit at 







converged at a value of  < 1 for the best fit, especially for the V76, which we interpret as 
a marker for the structural change between the conductive and the collapsed states. The 





Figure 4. 9. K+ titration curves measured at several different sites in the selectivity filter 
of KcsA are shown. (A) V76 Cβ-Cγ, (B) V76 Cα-Cγ (C) T74 Cα-Cβ (D) G79 N-Cα. Each 
curves is fit to two different models based on the Equation 4.13.  The black dotted lines 
reflect a model in which the Hill coefficient was forced to be 1 and the colored lines 
reflect a model in which the Hill coefficient was allowed to float. Results of the fits are 






4.4.5. Statistical validity of the fits 
Adding an extra parameter in the fitting equation often leads to a better fit. In 
order to quantify how much better the fit was with an extra Hill coefficient, we used the 
reduced χ2 metric, which is corrected for the extra degree of freedom introduced by a 
floating Hill coefficient.  The reduced χ2 (defined below) for a statistically sound fit, 
should be ~ 1. If it is less than 1, the model is unexpectedly good and probably over-
fitted, and if it is much greater than 1, the fit is missing too many data points to be 
believed. The reduced χ2 metric can be used with an F-test to get a p-value for the 
likelihood of random error explaining the scatter in the data.  
 
!! = (!"# − !"#)!!!"#        
Figure 4. 10. The affinities derived from the titration curves in the previous figure are 
shown relative to the positions of the different markers in the selectivity filter. Given 
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Site χ2  null  
(n=1) 
χ2  alternate 
(n≠ 1) 
χ2   ratio  
(incl. DOF) 
p-value 
     
T74 Cα-Cβ 15.4 2.2 6.9 0.12 
V76 Cβ-Cγ 12.6 0.8 15.3 0.05 
V76 Cα -Cγ  5.6 1.9 5.8 0.13 
G79 N-Cα 0.84 0.15 5.5 0.14 
 
This simple analysis using the Hill equation led to a two conclusions regarding the 
collapsing processes – (1) The Kds of the various curves indicate that the apparent 
dissociation constant of interest is in the micromolar regime. (2) The V76 Cβ-Cγ curve, 
which reflects our best and most reliable marker, shows a flattened, anticooperative 
shape that is on the threshold of statistical significance. 
 
4.4.6. The effect of replacing Na+ with NMDG and NH4+ 
In order to keep the ionic strength constant throughout the titration experiments, 
potassium was replaced by sodium in the buffers. Na+ was chosen because 
crystallography of the non-conductive state also used Na+ to maintain the ionic 
Table 4. 3. A summary of the statistical tests to distinguish between an n=1 model 
(null hypothesis) and an n≠ 1 model (alternate hypothesis) for each of the sites. The 
p-value for the likelihood of random error explaining the scatter in the fit to the null-
hypothesis shown in the last column. A low p-value indicates that random scatter 




strength. A constant ionic strength is important to maintain a constant “effective” ionic 
concentration at the membrane surface as discussed in section 4.5.1 below. In order to 
evaluate whether Na+ played an active role in the structural collapse of the filter we 
replaced Na+ with two other ions, while maintaining a neutral pH of 7.5 in the absence 
of K+. 
(1) N-methyl-D-glucamine (NMDG), a large non-permeating cation, which is often used 
in electrophysiology8 as a non-conducting agent to maintain ionic strength  
(2) NH4+, which has an ionic radius of ~1.48 Å, which is very similar to K+ and is 
conducted by KcsA. 
Homonuclear and heteronuclear spectra were measured in the presence of both these 
ions to see whether the signature “collapsed state” shifts at various residues in the 
selectivity filter were sampled. Select annotated spectra with NMDG and NH4+ are 
shown in Figure 4.10.  
The spectra indicate that while NMDG and NH4+ both cause unique 
perturbations to the chemical shifts of residues in the selectivity filter, neither of these 
ions induce the systematic set of collapsed state chemical shifts that are observed in the 
presence of Na+. Therefore we conclude that the low K+ induced structural collapse of 
the filter is a particular effect triggered by Na+ in the absence of K+. 
 Na+, by virtue of its smaller dehydrated radius than K+, requires the carbonyl 
groups of the selectivity filter to move inwards in order to chelate it. We hypothesize 
that the inward movement destabilizes the structure of the filter and causes it to 
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collapse, which is a means of preventing Na+ conduction through the channel at high 
Na+ and low K+ conditions. X-ray crystallography shows that the filter adopts a 







Figure 4. 11. KcsA spectra in the presence of Na+ , NMDG and NH4+ and the 
absence of K+ (blue) are shown overlayed on the standard WT-KcsA spectra at 50 
mM K+ and a pH of 7.5 (red). The data show that the collapsed state chemical shifts 
are not sampled when Na+  is replaced by NMDG or NH4+. 
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4.4.7. The effect of temperature on the collapsing process 
Individual titration curves show that the shapes of the curves at different sites are 
different. The apparent Kds at different sites are also different. This observation led us 
to think that various markers may be reporting on different kinetic processes. For 
example, V76 might be reporting on a structural change, whereas G79 and T74 might be 
reporting on the Na+-K+ or water-K+ exchange. One method to tease these processes 
apart is to study their temperature dependence. 
 In order to study the temperature dependence we measured the relative 
populations of the high and low K+ filter conformations as a function of temperature on 
an intermediate K+ sample: ~5 µM K+, pH of 7.5. The measurements were made using 
homonuclear C-C 2D spectra with DARR mixing, because the proton-driven C-C 
transfer is more robust than the N-C transfer in terms of transfer efficiency as a function 
of temperature dependent changes to the RF-tuning.  
The measurements were made on a 750 MHz magnet using a 3.2 mm triple 
channel E-free probe, which is built to minimize the radio frequency driven sample 
heating. A temperature range of 10℃ was sampled. The calibrations and estimates of 
the actual sample temperature are discussed below.  
 
Sample temperature estimates  
 
 The sample temperature for our experiments was controlled by bathing the 
sample with pre-cooled gas at a high flow rate (typically ~500-1000 liters/hour) and 
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then heating the gas locally around the sample using a thermocouple. There are two 
components to sample temperature estimates for solid-state NMR studies.  
The first comes from frictional heating due to magic-angle spinning. This is 
typically well-calibrated using the temperature-dependent chemical shifts of nuclei like 
in 79Br in KBr or 207Pb in Pb(NO3)2. The frictional heating increases with the MAS rate 
and is also dependent on the diameter of the rotor used. For the 3.2 mm E-free probe 
used in our measurements, at an MAS speed of 15 KHz and a cooling air temperature 
(VT air) of -20℃, our calibrations show that the frictional heating is approximately + 
8℃. At a VT set point of 0℃ it is about + 11℃. We expect that frictional heating is the 
major component to the sample temperature and in the data below; we use a correction 
factor of +8-11 ℃ to estimate the sample temperature of our KcsA sample. We expect 
the error in the temperature to be on the order of 2-3 ℃ i.e. ± 1.5℃. 
The second component to sample heating, that is important for standard non-E-
free probes, is radio-frequency (RF) heating. This occurs because of the electric field 
generated inside the coil during RF-pulsing. The details are discussed in Chapter 2, and 
present a significant challenge to studies of temperature dependent processes by solid-
state NMR because the heating is sample-dependent, time-dependent, RF-field 
dependent and probably geometrically non-uniform across the sample. Since our 







Temperature dependent changes to the relative populations 
 
 
We tracked the relative intensity of the high and low K+ conformations of the filter at 
various temperatures and found significant temperature dependence for the marker 
V76. Our data, shown in the table below, indicate that the high K+ conformation is 
preferred at lower temperatures i.e. the K+ binding direction is exothermic or 
enthalpically favored. We also note that the temperature dependence of the marker T74 
is apparently smaller compared to V76.  
Errors in the populations are reported as the standard deviation of the baseline 
noise level of our NMR spectra.  This reflects a standard error in the population 
measurement and not a standard deviation i.e. it reflects the accuracy of the mean peak 








(high K+ population) 
T74 Cα-Cβ 
(high K+ population) 
255 K -7.5 ± 1.5 ℃ 0.49 ± 0.06 0.52 ± 0.09 
265 K -4 ± 1.5 ℃ 0.44 ± 0.07 0.39 ± 0.09 
275 K 1 ± 1.5 ℃ 0.35 ± 0.06 0.48 ± 0.06 
 
Table 4. 4. Temperature dependent populations of the two conformations of KcsA are 
shown. The data indicate that the high K+, conductive state is depopulated at higher 
temperatures; indicating entry into the conductive state is enthalpically favored. The 






Estimating the enthalpy of the reaction 
Using the temperature dependence of the populations and the Van’t Hoff relation, we 
estimated the enthalpy associated with the structural transition between the conductive 
and collapsed states. The relative populations measured at the sites can be used to 
estimate an effective Kd at the different temperatures using the binding relation shown 
below. A Hill coefficient of 1 was used in the calculations to get a first-order 
approximation of the Kd.  
!! =    !! (1− !)!  
Figure 4. 12. Temperature dependence of the relative populations measured at different 
marker peaks in a ~ 5 mM K+ KcsA sample. Notice that the V76 populations show a 




Y indicates the relative population of the high K+ state. The Van’t Hoff relation shows 
that a plot of the natural log of the effective equilibrium constant vs. reciprocal 
temperature yields a slope that is proportional to ΔHrxn. 
ln !!!! = −ΔH!"#! 1!! − 1!!    
K2 and K1 are the equilibrium constants for the process at temperatures T2 and T1, ΔH is 
the change in enthalpy for the reaction and R is the gas constant. Using this relation we 
estimated the enthalpy for reaction monitored by V76 Cβ-Cγ to be about -42 ± 13 kJ/mol 
(-10 ± 3 kcal/mol). The marker T74 did not yield a significant enthalpy and within our 









Temperature dependence of the Kd 
Our results suggest that the K+ dependent transition from the collapsed to the 
conductive state is exothermic. This means that measurements of the Kd for this process 
with critically depend on the temperature at which the measurements are made. At 
higher temperatures, the ion-association will be suppressed leading to lower apparent 
affinities. Extrapolating from these preliminary data on the V76 marker, the apparent Kd 
can vary by ~2 orders of magnitude (from ~1 µM to ~ 200 µM) between a sample 
temperature of -20℃ and 50℃ as shown in the figure below. This, together with the 
Figure 4. 13. Van’t Hoff plots for temperature dependent data based on our V76 and T74 
markers are shown. The data are fit to a straight line with the slope being equal to –
ΔH/R for the reaction. The plots show that while V76 suggests an exothermic reaction 
with a ΔH of about -42 kJ/mol, the T74 data show a negligible enthalpy. 
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fact that charged phospholipid head-groups can concentrate ions near their surface, 
might explain some of the variance in the published Kd measurements, which differ by 
several orders of magnitude. 	  
 
 
The data indicate that the V76 marker shows a clear temperature dependence, whereas 
the T74 marker does not show any significant temperature dependence in the range that 
we measured. We interpret this difference to indicate that V76 and T74 are reporting on 
separate processes.  
Figure 4. 14. Temperature dependence of the apparent Kd extracted from the 
temperature dependence of the V76 peaks using the equations described in the 
previous section. The data show that the apparent Kd changes with temperature – at a 
sample temperature of ~ -20 ℃, it is ~ 1 µM and at a sample temperature of ~ 50 ℃, it 
is ~ 170 µM.  
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The temperature dependent V76 marker likely reports on K+ ion binding and a 
coupled conformational change. K+ ion binding alone is not expected to have a large 
enthalpic cost, because it involves replacing the hydration waters with protein carbonyl 
backbone ligands, which are supposed to mimic water. The enthalpy of hydration for 
Na+ and K+ are -400 kJ/mol and -320 kJ/mol respectively, and it has been suggested in 
that in the context of KcsA, the difference is only ~ 5-6 kcal/mol or 20-30 kJ/mol. The 
conformational change, however, could have an enthalpic cost. The stabilization of the 
conductive form at low temperatures suggests that the conductive form of the protein 
(with bound K+) is enthalpically favored over the collapsed form of the protein (with K+ 
in solution). Lockless et al. have used isothermal calorimetry to estimate the enthalpy of 
the binding reaction to be ~ -5 kJ/mol in the binding direction. Our exothermic 
enthalpy estimate is consistent with theirs, although significantly larger (-42 kJ/mol). 
One reason for this different could be the temperature at which the measurements were 
made. Theirs were made at room temperature on a truncated mutant protein in 
detergents, whereas ours were made at a temperature below 0 degrees on a full-length 
protein in multilamellar lipid vesicles. Further work is required to understand the 
mechanistic implications of our enthalpy estimate. 
The temperature independent marker T74 likely reports on a process that does 
not have a large enthalpic component. At this point, we are puzzled as to what this 
process might be. If it represents the release of Na+ from S4, we would expect the 
process to also be exothermic since the KcsA binding sites are not expected to mimic the 
first hydration shell for Na+ as well as they do for K+. One model in which the release of 
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Na+ would not have an enthalpy, is if Na+ is released from S4 into the cavity site and we 
assume that the cavity site is similar in energetics to S4. However the cavity is expected 
to be hydrated so this is an unlikely model. Further data is necessary to understand 
why T74 does not exhibit any clear temperature dependence. 
 
4.5. Control Experiments 
4.5.1. Modeling the effect non-specific K+ binding at the bilayer surface  
The analysis so far has assumed that the AA spectroscopy measurements of the 
K+ level in the supernatant are a good measure of the K+ concentration around the 
channel. However, the non-specific binding of K+ ions to the lipid bilayer surrounding 
the protein can increase the effective local K+ concentration felt by the selectivity filter. 
In the following I discuss the effect of ion sequestering by lipids on the shape of the 
titration curves.  
Our bilayers are negatively charged at neutral pH. The lipid : protein ratio used 
for all of the measurements was 1:1 by mass. This works out to a molecular lipid : 
protein ratio of ~ 100:1, which ensures that each KcsA tetramer is completely 
surrounded by lipids in our samples. The composition of the lipid bilayer is 9:1 DOPE: 
DOPS. DOPE contains an ethanolamine zwitterionic headgroup and DOPS contains an 
anionic phosphotidylserine headgroup. Therefore bilayer in our samples is partially 
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negatively charged at neutral pH and can sequester K+ ions to increase the local K+ 
concentration in the vicinity of the protein. 
We use the Guoy-Chapman model to estimate what the local K+ ion 
concentration would be in the vicinity of the bilayer. The Guoy-Chapman model uses 
the Poisson equation to describe the electrostatic attraction of counter-ions to the surface 
of the lipid bilayer, and a Boltzmann relation to describe the statistical tendency of these 
counter-ions to diffuse away from a region of high concentration. The basic idea is that 
the K+ concentration at a distance “x” from the bilayer surface will follow a Boltzmann 
distribution in the electrostatic potential field that is generated by charged phospholipid 
head groups. The potential can be calculated based on the estimated charge density on 
the lipid surface as shown in Appendix 4. 
Based on our calculations, the Guoy-Chapman corrected K+ concentration at 
approximately 1 nm above the lipid bilayer surface is about an order of magnitude 
more than the bulk concentration. The correction for each of the K+ concentrations 
measured is shown below in Table 4.5. The correction factor is constant across the 
different K+ concentrations is because although we varied the K+ ion concentration, the 
total ionic strength of the buffer was kept constant by replacing K+ with Na+, so the 
overall surface potential at the bilayers for all the different samples was constant. A 
distance of 1 nm was chosen based on previous estimates21 of the channel’s entryway 
being ~1-2 nm above the lipid bilayer.  The Guoy-Chapman corrected titration curve for 
V76 Cβ-Cγ is shown in Figure 4. 15. The correction amounts to a horizontal shift in the 
titration curve, which leads to an order of magnitude increase in the apparent K+ 
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affinity but does not change the apparent anticooperativity. The order-of-magnitude 
effect is in general agreement with the literature. 
 Guoy-Chapman theory makes a few simplifying assumptions. First, it assumes 
that ions are point charges. Second, it assumes that the dielectric constant of the buffer 
is equal to its bulk value (~80.4) all the way up to the surface of the membrane, which is 
not really true. Third, it assumes that the surface charge on the lipid bilayer is uniformly 
spread, which may be true for reconstituted systems if the protein has bound lipids, and 
is certainly not true for actual cellular membranes. In the case of KcsA, we have not 
noticed any evidence of bound lipids (which would be isotope labeled in our samples). 
Nevertheless, the theory gives us a good intuitive sense of what the effect of local ion 
sequestration around charged bilayers would be, and shows that maintaining a constant 






[Kbulk ](M) [K(x)] x=1 nm (M) 
1.82 x 10-07 9.91 x 10-07 
7.69  x 10-07 4.19 x 10-06 
5.20  x 10-06 2.83 x 10-05 
1.00  x 10-05 5.44 x 10-05 
1.00 x 10-03 5.44 x 10-03 
1.00 x 10-02 5.44 x 10-02 
5.00  x 10-02 2.72  x 10-01 
1.50  x 10-01 8.17  x 10-01 
Table 4.5. An estimate of the local K+ ion concentration,  ~1nm above the surface of the 
lipid bilayer, using Guoy-Chapman theory with an overall ionic strength of 75 mM. The 
calculations were made assuming a 9:1 w/w ratio of neutral phospholipids: anionic 
phospholipids, which are the composition of our samples. The data show that the effect 





4.5.2. The effect of spin diffusion on population measurements 
The relative population of the high K+ conformation was extracted by using the overall 
intensity of peaks specifically assigned to the high K+ state. The inherent assumption 
Figure 4. 15. Two titration curves are shown for the V76 Cβ-Cγ resonance. In green, the 
relative populations are plotted against the bulk K+ level determined by AA 
spectroscopy on the supernatant. In blue, the same relative populations are plotted 
against the estimated local concentration of K+ 1nm above the bilayer as predicted by 
Guoy-Chapman theory assuming an ionic strength of 75 mM. The apparent dissociation 
constant and Hill coefficient for each curve is shown. The correction amounts to an 
order of magnitude horizontal shift in the curve (and in the corresponding affinity) but 
the Hill coefficient remains unchanged. 
  
152 
here is that the NMR intensity of a peak is a good measure of the population. The 
absolute intensity of a cross-peak in a carbon-carbon correlation experiment depends on 
two factors: (1) the mixing time used in the pulse sequence i.e. how long is the 
polarization allowed to spread between the various spins” before detection and (2) the 
longitudinal spin-lattice relaxation time (T1) for the spin system in question. Typically 
for a uniformly labeled sample, the T1 relaxation rate is longer than the spin-diffusion 
rate and at moderate spinning speeds; spin diffusion neutralizes any site-specific 
differences in T1. The spin diffusion mixing time dictates the absolute intensity of an 
observed cross-peak; at short mixing times (< 20 ms) one and two bond transfers show 
strong cross-peaks and at longer mixing time (> 20 ms) longer range couplings are 
allowed to evolve.  
The use of relative instead of absolute intensities is expected to normalize the 
effects of spin diffusion across the different conformation. There are nevertheless some 
other factors that can affect the intensity of a peak. For example, if one of the 
conformations is inherently more dynamic than the other, and if its dynamics somehow 
affect its T1 to make it much shorter, then depending on the DARR mixing time chosen, 
the intensity of that conformation can be affected.  In order to confirm that this was not 
happening for our samples, we compared 2 identical spectra on an ~ 5 µM KcsA sample 
collected at a mixing time of 15 ms and 50 ms. The relative populations of the different 





4.5.3. The effect of sample hydration  
We observed that the population of the collapsed state of the filter was 
dependent on the hydration level of the sample. This was an important observation 
because typically the hydration level for protein samples in solid state NMR is not 
closely monitored, and is complicated by the fact that much of the bulk water of the 
sample collects in the center of the rotor during magic angle spinning. During our 
experiments, we observed that if the bulk buffer was removed from a low K+ KcsA 

















T74 T75 V76 Y78
Residue
 DARR mixing = 15 ms
 DARR mixing = 50 ms
Figure 4. 16. A control experiment that compares the relative populations extracted for 
various marker peaks at two different 2D-DARR mixing times – 15ms (open) and 50 ms 
(opaque). The data show that the extracted relative populations are comparable within 
our error bars. 
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K+ state disappeared, indicating that it is important for the channel to be in equilibrium 
with a surrounding excess of buffer. When buffer was re-added, the low K+ shifts 
reappeared. This phenomena was reproducibly observed with two different samples 
[K+] = 1 µM and [K+] = 10 µM, and on two different NMR instruments. Samples 
prepared at higher concentrations of potassium did not show the same hydration 
dependence. Figure 4. 17 shows the effect of hydration on our spectra: The red and 
green panels show spectra of the same low-K+ sample ([Na+] = 50 mM, [K+] = 1 µM) first 
measured in a fully hydrated state and then measured in a dehydrated state. The purple 
and blue panels show spectra of a high K+ sample ([K+] = 50 mM) in a hydrated and 
dehydrated environment. The signature chemical shifts of the low K+ state are visible 
only when the sample is fully hydrated. This process is reversible i.e. a dehydrated low 
K+ sample, that does not show the signature low K+ NMR shifts can be rehydrated to 
recover the low K+ shifts.  
 To the best of our knowledge, this is the first experimental result to report that 
the bulk water content of solid-state NMR samples can affect the physiological state of a 
protein. In the specific case of KcsA, a mechanistic interpretation of this hydration 
dependence has a precedent in the literature: the crystal structure of the low K+ state 
(1K4D) suggests that a water-mediated hydrogen bond stabilizes the pore when K+ is 
limited.2 A recent liquid state NMR study9 echoes a similar observation based on water-
protein NOEs to Val 76, and suggests that inactivation of the channel is mediated by 
replacing a potassium by a water molecule in the pore. While it is tempting to interpret 
our observation of hydration-dependent functional states in terms of these structural 
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waters, it is more likely to be a more generalized effect related to overall hydration of 
the protein or bilayer or a macroscopic and indirect effect, in that under low hydration 
conditions the “effective” potassium concentration in the bilayers is increased, which 
causes a conformational switch.  Further studies are warranted to gain clarity on the 
source of this apparent hydration dependence, but the result nevertheless illustrates 
that the hydration level of the samples is an important variable to consider and control 










Figure 4. 17. The effect of sample hydration on 13C-13C 2D correlation spectra of 
KcsA are. The low K+ state of the selectivity filter is stabilized at pH=7.5 by the 
hydration level of the sample. This is illustrated by the appearance of V76 low K+ 
marker peaks at (ω1, ω2) = (29 ppm, 19.8 ppm) and (29 ppm, 22 ppm) when the 
sample is bathed in 1 µM [K+] and measured while fully hydrated (red). When the 1 
µM [K+] sample is dehydrated it reconverts into a state that resembles the 50 mM 
state, as seen by the disappearance of crosspeaks at  ω1=29 ppm in the green panel. 
Samples bathed in 50 mM K+ do not show such hydration dependence. There is no 
significant change seen in the hydrated (purple) and dehydrated (blue) spectra of 
KcsA at 50 mM K+. The data suggest that the 1 µM K+ state requires a critical amount 
of water in order to stabilize its structure. 
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4.6. Analysis and Kinetic Modeling 
Our various data provide several constraints on building a kinetic model for K+ binding 
and the associated structural transition in the micromolar potassium concentration 
regime. Atomic absorption suggests that the process involves the addition of 2 K+ ions. 
The titration curves suggest that the affinities of the two ions are in the micromolar 
regime. The effective dissociation constant at T74 is 10-15 µM and the effective 
dissociation constant at V76 and G79 are 1-5 µM. The anticooperativity in the V76 curve 
(although on the threshold of traditional statistical significance) suggests that the 
process that we are measuring with an effective Kd is a multi-step K+ dependent 
process. Ion exchange experiments suggest that Na+ is an important part of the kinetic 
scheme. The temperature dependent experiments suggest that V76 monitors a 
conformational change and T74 likely monitors Na+ /K+ ion exchange. In the following, 
we combine these various results and propose kinetic models that might explain these 
phenomena.  
 
4.6.1. General Assumptions 
In the models described below, P = protein in conductive state, P* = protein in 
collapsed state and K = potassium. PK2 is a mixture of the (1,3) and (2,4) occupancies 
and is in fast exchange with PK3 and other states with higher ion occupancies that differ 
in their ion-configurations but not in the protein structure of the filter. We assume that 
the affinity of the third ion inside the filter is much lower than the first two ions, due to 
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electrostatic repulsion, which drives fast conduction. Due to the low affinity of the third 
ion, PK2 and PK3 are in fast exchange on the NMR timescale and we expect that the 
“conductive state” by NMR reflects a population weighted sum of these two states at 
high millimolar K+ concentrations.  
Crystallography suggests that the structural collapse of the filter occurs when the 
average K+ ion occupancy is reduced below 2. However, the ion occupancies of the non-
conductive state of the channel not definitive due to difficulties in distinguishing Na+ 
from water by crystallography. The state with 1 K+ could be [Na+,w,w,K+] or 
[K+,w,w,Na+] or [w,w,w,K+] or [K+,w,w,w], where “w” represents water. The group of 
Miller has suggested that S1 is a very selective site, therefore Na+ is unlikely to occupy 
S1, but our data suggest that Na+ must be part of the mechanism so we assume that it 
binds at S4 (the intracellular site) 
 
4.6.2. Model A  
 
Figure 4. 18. A proposed sequential ion binding model for the structural collapse of the 
filter is shown. The model describes the addition of two consecutive K+ ions into the 
selectivity filter of KcsA from the extracellular side.  Addition of the second ion is 
coupled to the conformational change in the filter. 
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A key aspect to this model is that the singly K+ bound state is collapsed rather than 
conductive and it is the binding of the second K+ ion that triggers the conformational 
change leading to the conductive state of the channel. Within this model, we expect that 
G79 reports on the equilibrium K1 and V76 and T74 report on the second equilibrium. 
Mathematical expressions to describe the binding curves at the various sites are 
described below. 
Mass action: [PK3]+[PK2] + [P*K1] + [P*] = 1 
K1= P*K1[P*][K+]       so,   P*K1 =K1[P*][K+] 
K2e= PK2[PK1][K+]     ,  K2s= PK1[P*K1] 
Overall  !!  = PK2[P*K1][K+]=K2e.K2s   So,   PK2 =K2K1[P*][K+]! 
K3= PK3[PK2][K+]       so,   PK3 =K3K2K1[P*][K+]! 
 
For V76 and T74, the “high” K+ state = PK2 + PK3 
 
Fractional  Population  of  PK2+P!!= [PK2]+[P!!]P* + P*K1 +[P!!]+ PK3  Eq. 4.18 
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  Fractional  PK2+P!!  = [K!]! + K![K!]!1K!K! + 1K! [K!]+ [K!]! + K![K!]!   
K2s, which is the equilibrium constant for the structural collapse, is not dependent on 
the K+ concentration, so the effects of this equilibrium will not be directly accessible in a 
potassium titration, but will rather manifest as an algebraic factor in the overall 
equilibrium constant K2.  
 
For G79, fractional population of the high K+ state = P*K1 +[PK2]+[P!!] 
 
Fractional  Population  of  P*K1  +  PK2+  P!!= P*K1 +[PK2]+[P!!]P* + P*K1 +[P!!]+ PK3  
Fractional  G79(high  !!)  = [K!]+ K![K!]! + K!K![K!]!1K! + [K!]+ K![K!]! + K![K!]!   
Simulations of the relative populations of the different states are shown below.  Based 
on our data, we expect that the first K+ binding event occurs at ~ 1-5 µM and the second 
event occurs at ~ 15 µM. From the literature, we infer that the affinity of the third ion is 
in the millimolar regime ~ 20 mM. Equations 4.19 and 4.20 were used to simulate the 
population distribution that could lead to the binding curves observed at our different 
sites using these values for K1 ,K2 and K3. 
 Although the model involves 2 sequential events, because of the assumption that 
the structural change is associated with second binding event, the data at V76 is not fit 
  Eq. 4.19 
  Eq. 4.20 
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well. Furthermore, if V76 is a marker for the structural change, then this model does not 
explain why the Kd measured at V76 is lower than that measured at T74. 
 
Figure 4. 19. Simulated relative populations of all four states P*, P*K, PK2 and PK3 are 
plotted as a function of the K+ concentration assuming a variety of different relations 
between the equilibrium constants. The populations are calculated using Eqs. 4.19 and 
4.20. The sum of relevant populations (black lines) is compared with the observed 
experimental binding curves for (A) V76, (B) T74 and (C) G79. The simulations show 





4.6.3. Model B  
 
 
In contrast to model A, the key aspect to this model is that binding of the first K+ ion 
that triggers the conformational change leading to the conductive state of the channel. 
We propose that our markers G79 is reporting on the equilibrium K1, the marker V76 is 
reporting on a combination of K1	  and Ks (Ks being the equilibrium constant describing 
the structural change), and the marker T74 is reporting on K2. Mathematical expressions 
to describe the binding curves at the various sites are described below. 








                                    K2= PK2PK [K+] 
Figure 4. 20. An alternative kinetic model for the structural collapse of the filter is 
shown. The model describes the sequential addition of two K+ ions on opposite sides 
of the filter at S1 and S4. The structural change is associated with the addition of the 
first ion and involves binding K+ at S1. The second K+ ion binds at S4 and exchanges 
out a Na+ , with an affinity that is a little lower than the first K+.  
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So, PK2 =K2KsK1[P*][K+]! 
K3=
PK3
[PK2][K+]    so, PK3 =K3K2KsK1[P*][K+]! 
 
For V76, the “high” K+ state = PK+PK2 + PK3 
Fractional Population of PK+PK2+P!!= [PK]+[PK2]+[PK!]
P* + P*K +[PK]+[PK!]+ PK3  
For T74, the “high” K+ state = PK2 + PK3 
Fractional Population of PK2+PK!= [PK2]+[PK!]
P* + P*K1 +[PK!]+ PK3  
 For G79, the “high” K+ state = P*K+PK+PK2 + PK3 
Fractional Population of PK2+PK!= [P*K]+[PK]+[PK2]+[PK!]
P* + P*K1 +[PK!]+ PK3  
 
Simulations of the distribution of different states of KcsA under Model B are 
shown in the figure below. The simulations reproduce the behavior of markers V76 and 
G79 quite well but do not describe T74 completely. This model also explains why the 
affinities of V76 and G79 are similar to each other but different from V76 in that the first 
two are sensitive to the first K+ binding (presumably at S1) and T74 is a marker for the 





which arises due to the population of the high K+ state of V76 being sensitive to 2 
separate but sequential binding events. We interpret the first event to be binding a K+ 
ion at S1 i.e. replacing a water with a K+.  
We interpret the second event to be binding a K+ ion at S4 i.e. replacing a Na+ 
with a K+. The apparent affinity of the second event is could be lower than the first 
event for several reasons: (1) K+ - K+ electrostatic repulsion i.e. the first K+ ion 
destabilizes binding of the second one. (2) the inherent affinities of sites S1 and S4 many 
be different i.e assuming that the kon for K+ is the same in both bases, the koff for water 
bound to S1 may be smaller than the koff for Na+  bound at S4. At this point, we have no 





One weakness of this model is that it relies on the chemical shifts of several 
intermediates being identical. For example, in the case of V76, the model suggests that 
Figure 4. 21. Simulated relative populations of all four states P*, P*K, PK, PK2 and 
PK3 are plotted as a function of the K+ concentration assuming a variety of different 
relations between the equilibrium constants. The populations are calculated using 
Eqs. 4.21-23. The sum of relevant populations (black lines) is compared with the 
observed experimental binding curves for V76, T74 and G79. The simulations show 
that the G79 and the V76 curves are well described by this model, but not all of the 
T74 data is correctly modeled.   
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the conductive state chemical shifts of states PK, PK2 are identical. Given that the NMR 
chemical shift is very sensitive to changes in structure and electrostatics, this might be 
unrealistic, however we think that the V76 marker is reporting on the structure of the 
selectivity filter, which remains essentially unchanged between these two states. Since 
Model B is also consistent with our other data- the atomic absorption spectroscopy, the 
temperature dependence and the site-specificity of the apparent affinities, we think it is 
a good description of K+ dependent transition from the conductive to the collapsed 
state. 
 
4.6.4. Model C 
In this model we assume that the transition we are detecting reflects a change in the ion 
occupancy from n=1 to n=2 that is coupled to a structural collapse of the filter. If we 
interpret the state P*K to have 1 Na+ and 1 K+ ion bound, there are two different sites 
for the second K+ to bind. The K+ could bind at S4, at the intracellular side of the 
channel or S1, at the extracellular side of the channel. The binding constant would 
reflect replacing a Na+ with a K+. In terms of the equilibrium expressions, this means 
that the binding curve we observe is a sum of 2 different processes – one for replacing 




Figure 4. 22. A simultaneous kinetic model for the structural collapse of the filter is 
shown. The model describes the simultaneous addition of the second K+ ion to one of 
two sites in the selectivity filter: S1 or S4. The affinities associated with replacing Na+ for 
K+ at each of these sites is different. 
 
If f is the population of the P*K1 state with K+ in S1, then the population of the state with 
Na+ occupying S1 would be 1-f. 
Mass action: [PK3]+[PK2] + [P*K1] = 1 
PK2 !=f.  K!![P*K][K+] 
PK2 !=(1-­‐f  ).  K!![P*K][K+] 




[PK2+P!!]!"#$=f. K! + K3[K+]!1K!! + K! + K3[K+]! + (1− f  ). K
! + K3[K+]!1K!! + K! + K3[K+]!     
Assuming that in the micromolar regime, we do not populate the PK3 state, this 
expression reduces to the population-weighted sum of two sigmoid functions. 
 
Fractional  Population  of  PK2+P!!=f. !!1!!! + !! + (1− f  ). !
!1!!! + !!  
Simulations of the populations of the various states this a simultaneous model are 
shown below. Since this is also a three-parameter model, we simulated the shapes of 
curves by scanning all three parameters. We found an anticooperative shape like our 
data could arise from two simultaneous binding events that occur in the micromolar 
regime and differ by ~ 2 orders of magnitude. Simulated curves for a 2-site binding 
process using different values of the population parameter f are shown below. 
 Quantitative fits were not reliable because the errors in the fit parameters were 
unreasonably large (>75%) However, the simulations shown below suggest that a 
simultaneous binding model describes our data well. The model suggests that the 
affinity with which Na+ is replaced by K+ is differs by about 2 orders of magnitude 




so we expect the higher affinity event (~ 0.1 µM) to reflect events at S4, and the lower 
affinity (~ 10 µM) to reflect events at S1. 
 
Figure 4. 23. The relative populations of the PK2 states formed in a simultaneous 
binding model are plotted as a function of the K+ concentration. The different plots 
show different values of “f”, which defines the partition between two different types of 
binding sites. A simultaneous ion binding model with site heterogeneity is very difficult 
to distinguish from an sequential binding model with anti-cooperativity between 




As discussed in the introduction, the K+ affinity in the pore of KcsA is of interest 
because of its mechanistic relevance in understanding how K+ channels simultaneously 
achieve both ion selectivity and fast conduction. Several groups have used a variety of 
experimental methods to make measurements of K+ affinity in the pore of KcsA. The 
affinities reported by all these different methods and the details of the measurements 
are summarized together with our results in below  
 Evidently there is a large discrepancy in the various measurements. Our 
measurements suggest a low micromolar affinity, which is in good agreement with 
affinities reported by electrophysiological measurements of KcsA, but about three 
orders of magnitude lower than those reported by solution NMR studies and by 
isothermal calorimetry. Why might these different methods and sample-preparations 
yield such varying numbers? In the following, I discuss two hypotheses that might 






Protein construct Sample 
conditions 





~ 20 mM 
C-terminal truncated 
wildtype KcsA.  
 
Transmembrane 




[KcsA] = 7-15 
mg/ml 
[Buffer] = 20-25% 






pH = 5-5.6 
T = liq. N2 (-196 
∘C) 
 
A pure “collapsed” 
state observed at 3 
mM K+ so the affinity 
is be much higher 
than 3 mM.  They 
estimate it to be ~20 
mM 


















[KcsA] = 71-142 
µM 
[Buffer] = 25 mM 
HEPES, 100 mM 
NaCl, 5 mM DM 
detergent 
pH = 7.5 
T = 21 -23 ∘C 
 
 
The “bulk” K+ affinity 
was measured using 










Affinity Protein construct 
Sample 
conditions Additional Details Citation 












[KcsA] = 0.25-0.35 
mM  
[Buffer]= 25 mM 




K+ affinity measured 
using the V76 N-H 
resonance 




Solution NMR  
6.1 mM (pH 6.7)  










[KcsA] = 100 µM 
[Buffer] = 10 mM 
Na.H2PO4, 5 mM 
DDM. 
pH = 3.2 and 6.7 
T= 45∘C 
The K+ affinity 
measured using the 
V76 Cγ-H signal by 
extracting relative 
populations from 
slow exchange  

















[KcsA] = ~0.7 mM 
[Buffer] = 20 mM 
Bis-Tris or 10 mM  
CH3COO.Na , 
5mM foscholine 
pH = 7 and 4 
T = N/A 
The affinity is  
measured via line 
broadening at the Y78 
N-H resonance. Based 
on the change in 
linewidth a 1-2 
kcal/mol stabilization 
of the K+ bound form 
of Y78 is proposed. 
 
 









Affinity Protein construct 
Sample 
conditions Additional Details Citation 
Whole-cell 
patch clamp 























[Buffer] = 10 mM 
MOPS, 150 mM 
KCl or NaCl 
pH = 4 and 7.5 




The external site 
affinity was obtained 
by fitting the ratio of 
the steady-state 
current to the max 
current at different K+ 
levels. 
 
The internal site 
affinity was obtained 
by plotting the 
inactivation rate as a 






























[Buffer] = 10 mM 
MOPS or succinic 
acid 
pH = 4 and 7 
T = 21 ∘C 
 
 
The affinity is 
measured at the 
extracellular S1 site 
using kinetic analysis 
of discrete Ba2+ 
blocking events as a 
function of external 
K+ binding  
 
Piasta et al. 








1-5 µM (S1) 
10-15 µM (S4) 







[KcsA] = 2-5 mM 
in 9:1 
DOPE:DOPS 
bilayers at a 1:1 
protein:lipid ratio 
[Buffer] = 50 mM 
Tris, 50 mM KCl 
or NaCl 
pH = 7.5 
T = ~10∘C 
The affinity is 
measured by fitting 
the relative 
populations the low 
K+ conformation and 
the high K+ 
conformation at 
various sites 
including T74, V76 
and G79.  
This work 
Table 4. 6. A summary of all the K+ affinity measurements on KcsA reported in the literature, together with basic details 
regarding the construct used, the sample conditions and the biophysical method to make the measurement. The table 
shows that there is a large variation in the reported dissociation constants, which range from the low µM to the high mM. 




4.7.1. Detergent-Lipid hypothesis 
If the details in Table 4. 6 are closely examined a distinct pattern emerges that 
relates the chemical nature of the hydrophobic environment of KcsA to the order-of-
magnitude K+ affinity that is reported. All the measurements made in detergents 
(crystallography, solution NMR and ITC) report affinities in the millimolar range and 
all the measurement made in lipid bilayers, including electrophysiological studies from 
two different groups and our solid-state NMR measurements, report affinities in the 
micromolar range. This trend is consistent despite various experimental differences in 
the protein construct and differences in the buffers and temperature and suggests that 
the apparent affinity for K+ might be related to the chemical nature of the hydrophobic 
environment. Indeed, the channel does not conduct ions in a detergent micelle, and it is 
well known that the chemical nature of the phospholipid head-groups in the bilayer 
affect the ion conductance in KcsA.  
Anionic head-groups increase the maximum channel conductance and also affect 
the open probability of the channel. Some of this can be attributed to the local K+ 
sequestering at the membrane surface due to the negative potential induced by anionic 
lipid head groups, but that is typically an order-of-magnitude effect and could at most 
account for a small part of the large difference in affinity measurements. Therefore we 
are left with the idea that the inherent affinity of the channel in detergent micelles is 
different from that in lipids. This could be related to minor structural perturbations to 
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the channel structure due to specific interactions with its hydrophobic environment, 
and/or differences in the electronic environment of the pore, which can conceivably be 
altered by charged lipid head groups.  
It is known that the guanidinium sidechains of two specific arginine residues R64 
and R89 interact directly with the phosphate head groups of lipids and that mutating 
these residues affects the channel conductance properties.22 It is not clear what 
interactions stabilize these arginines in a neutral sugar-based detergent like DM or 
DDM, but it is not a stretch to imagine that owing to their proximity to the pore (see 
Figure 4. 24, the interactions of these arginines can affect KcsA structure and function. 
Furthermore, there are a growing number of membrane proteins, including the M2 
proton channel23 and the leucine transporter LeuT24 that show differences in key 




We could test this detergent-lipid hypothesis in two different ways. One method 
is to redo the K+ titration curves by solid-state NMR in a detergent precipitate. The 
detergent precipitated form of KcsA has been studied before by solid-state NMR25, but 
the signal: noise of the samples prepared this way was very low and the amount of 
KcsA precipitated by detergent is small and not consistent from batch to batch. 
Nevertheless if the detergent-lipid hypothesis is correct, such an experiment should 
theoretically lead to a millimolar affinity.  
Another way to test the hypothesis is to do isothermal calorimetric (ITC) 
measurements of KcsA reconstituted into a liposome suspension with some anionic 
lipids in the liposomes. While this measurement is feasible, ITC can only be reasonably 
Figure 4. 24. The crystal structure of KcsA showing particular arginine residues 64 
and 89 that reside near the pore and are involved in interactions with the 
phospholipid head group. 
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done on the mutant (A98G) and c-terminal truncated KcsA, because the thermal 
equilibration time for the wildtype channel is unreasonably long§. Furthermore, the 
analysis of the binding curves would be more involved that the detergent version 
because it would have to account for the ion binding enthalpy between the titrated K+ 
ions and the lipid bilayer, and also compensate for any bi-directional insertion of the 
tetramer in the bilayer. If these issues are worked out, and the detergent-lipid 
hypothesis is true, an ITC measurement of the affinity in bilayers should yield a 
micromolar Kd. 
 
4.7.2. Different-processes hypothesis 
An alternate hypothesis to explain the difference in the binding affinities is that the 
measurements that report a millimolar binding affinity are reporting on a process that 
studies the n=3 à n=2 K+ occupancy change in the selectivity filter and the studies that 
report a micromolar affinity (like ours) are reporting on the n=2 à n=1 or n=2 à n=0 
occupancy change.  
The knock-on mechanism predicts the (1,3) and (2,4) states (which are both n=2 
occupancy states) are iso-energetic that once there are three ions in the selectivity filter, 
the electrostatic repulsion between the ions is greater than the binding energy between 
the ions and the protein, and this drives conduction. So knock-on implies that the n=2 
                                                
§ personal communication from Steve Lockless. 
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states are high affinity states and the n=3 states are low affinity states. We think that the 
solution NMR and ITC studies that are reporting titrations in the millimolar K+ regime 
are probably watching the transition between n=3 and n=2. Removing the third ion 
from the filter should not be difficult because it is anyway destabilizing the 
electrostatics in the filter and it should therefore have a low affinity. A low affinity 
implies a fast koff, which is consistent with conduction. However, once the destabilizing 
third ion is gone, removing the second ion from the filter is difficult (it has a high 
binding energy). This is because the n=2 state, which is a mixture of (1,3) and (2,4) 
always has ion occupancy at one of the two high-affinity inner sites. Removing an ion 
from either one of these inner sites requires going down all the way to the µM regime in 
K+ concentrations**, and as soon as that ion is removed, the selectivity filter collapses.  
The n=2 state is stable over a large range of K+ concentration. This state is not a 
“conductive” state in the functional sense (although structurally the filter is open) 
because ions in this state will not leave the filter unless they are pushed out by a third 
ion. We also know from work described in chapter 5, that the low K+ state is an 
inactivated state of the channel and that the inactivation rate is slow compared to the 
conduction rate. Slow rates are typically associated with tight binding affinities, which 
is consistent with our model. A pictorial summary of this different-processes hypothesis is 
shown in Figure 4. 25. 
                                                
** The low µM-nM K+ regime is not very easy to access experimentally because K+ is a trace contaminant 






If it is true that there are two different transitions that occur in the ion occupancy, 
then why don’t we see any changes in our spectra between 1 mM K+ and 150 mM K+ 
and why does the Mackinnon crystal structure at 3 mM K+ show a collapsed state with 
a (1,4) ion occupancy? The latter can perhaps be explained by the presence of detergent 
and antibodies, or the lowered pH (5.5) of the crystal structures or the cryogenic 
temperatures at which the crystal structures are solved, but the former is a puzzle. We 
don’t expect the structure of the selectivity filter to change significantly between the n=2 
and n=3 state, but binding a third ion is a large electrostatic perturbation that should 
theoretically be detectable by NMR. It could be that the n=3 state is such a short lived 
Figure 4. 25. A pictorial description of the different-processes hypothesis to explain 
the variance in the measured binding affinities is shown. We think that the solution 
NMR and ITC studies measure an n=3 to n=2 transition, whereas the 
electrophysiology and the solid state NMR measure the n=2 to n=1 transition. 
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and dynamic state, that it is always in fast-exchange under our conditions. It could also 
be that in order to access this n=3 state, we need a channel that is actually conducting 
ions i.e. we need a lowered pH and there needs to be an K+ concentration asymmetry or 
potential across the membrane to move the ions through. Further experiments are 
required to clarify these various points.  
 
4.7.3. Implications of site-specific dispersion in affinities 
We see dispersion in the apparent Kd between V76 (~ 1-3 µM), G79 (~ 1-5 µM) 
and T74 (~15 µM). The dispersion is observable in our spectra, for example, at 5 µM K+, 
V76 and G79 show a mixture of both conformations whereas T74 shown only the low 
K+ conformation. The dispersion, together with the different temperature dependence 
of the peaks suggests that they may not all be reporting on the same kinetic process.  
We interpret V76 to report on the structural collapse of the filter, which is 
coupled to the binding of the first K+ at S1. G79 likely reports on the replacement of 
water by K+ during this first binding event. T74 reports on an indirect structural change 
associated with replacing Na+ with K+ during a second subsequent binding event at S4. 
Figure 4. 7 shows that G79 splits into multiple peaks at low K+ and a 2-state 
model is likely not sufficient to completely describe the events at G79. Due to the 
difficulty in obtaining sequential contacts to all the different split peaks of G79, it is 
difficult to assign them to specific intermediates. However, we expect that they likely 
  
182 
correspond to some combination of Na+, water and K+ bound at S1. The presence of 
multiple states suggests that there are intermediates in the collapsing process that 
persist on the timescale of an NMR experiment. 
 
4.7.4. Implications of the apparent negative cooperativity 
Our data on V76 Cβ-Cγ suggest that K+ binding in the low micromolar regime 
shows apparent negative cooperativity. We show that a sequential model of with two 
ion binding events at ~ 1µM and ~ 15 µM can model this apparent negative 
cooperativity. Based on the literature and our AA spectroscopy, we are probably 
monitoring an n=2 to n=0 ion occupancy change in the selectivity filter, and our 
simulation suggest that the structural collapse of the filter is coupled to the n=1 to n=0 
transition. Furthermore, ion replacement experiments show that Na+ is necessary to 
induce the structural collapse of the channel. The second binding event is therefore 
interpreted as replacing Na+ for K+ at the intracellular site S4.  
In the broader scheme, anti-cooperativity is a useful way of reformulating the 
knock-on mechanism for K+ conduction. The knock-on mechanism states that 
consecutive K+ binding events destabilize the filter due to electrostatic repulsion 
between the ions. Another way to understand this concept is in terms of anti-
cooperativity between subsequent ion binding events i.e. binding of the first K+ ion is a 
high affinity, selective process. Each subsequent binding event lowers the overall 
affinity of the channel for K+, which aids the fast conduction. So the secret to achieving 
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speed and selectivity is to start with a high affinity, which allows for selectivity, but to 
allow that affinity to be lowered by subsequent binding events, which leads to an 
overall fast koff when there are multiple ions bound.  
 
4.8. Conclusion 
 We report site-specific K+ affinity measurements at various sites the selectivity 
filter of KcsA based on monitoring conformational changes that accompany an n=0 to 
n=2 ion occupancy change inside the pore. Our data show the conformational states at 
high and low K+ are in slow exchange on the NMR timescale (< 500/s) and that the 
apparent K+ affinities are in the range of 1-15 µM. The apparent affinities are different 
across various sites and suggest a mechanism in which two sequential K+ binding 
events occur in the pore of KcsA. We interpret these events as replacing Na+ or water 
with K+ at sites S1 and S4 in the filter. We believe that the micromolar affinities are a 
result of the particular transition that we are measuring and our use hydrated lipid 
bilayers instead of detergents as the hydrophobic environment of the protein. The 
results provide mechanistic insights into K+ ion binding in the selectivity filter of KcsA.  
 
4.9. Materials and Methods 
Uniformly labeled KcsA was prepared using protocols described in Chapter 6. 
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4.9.1. Preparing low K+ samples 
K+ is a very abundant metal and it is experimentally very difficult to make a purely “0” 
K+ sample. In order to make low K+ samples, the liposomes need to be dialyzed against 
a low K+ buffer for several days. Typically five 3.5 liter dialysis exchanged were used. 
The buffers were prepared with ultrapure NaCl from Sigma. (38979-100G-F). The pH of 
the buffer was pre-adjusted using a known quantity of pure HCl, because the pH meter 
is typically stored in a 1M KCl solution with contaminates low K+ samples. Care was 
taken to use clean gloves and fresh pipettes for all steps involving low K+ samples. 
Supernatant buffers and the solid state NMR pellets were sent to Robertson Microlit 
Laboratories in New Jersey for atomic absorption spectroscopy. 
 
4.9.2. NMR Spectroscopy 
All data for the titration curves were collected on two spectrometers: A Bruker Avance 
DRX-750 spectrometer equipped with a 4 mm-HXY probe spinning at 14 kHz and a 
Bruker Avance-II 900 spectrometer equipped with a 3.2 mm HXY E-free probe spinning 
at 20 kHz. Typical 90o pulse lengths for 1H were ~2.5µs on the wide bore-HXY probes 
and ~3 µs on the E-free probe. 13C and 15N 90o pulse lengths were ~ 5µs. Marker peaks 
were identified at 50 mM [K+] and sequentially assigned using heteronuclear 2D and 3D 
15N-13C-13C DCP26,27-DARR28 spectra (NcaCX/NcoCX and NCACX/NCOCX) and 2D 
13C-13C homonuclear correlation spectra with a DARR mixing (15ms and 150ms). 
Typically the 3/2-5/2 ωr DCP condition was used for N-CA and N-CO transfers at 14 
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kHz spinning. At 20 KHz spinning, the 1/2-3/2 ωr condition was used for both N-CA 
and N-CO transfers. DCP contact times of 6-8 ms were found to be optimal. ~100 kHz of 
CW decoupling was used during DCP and 80-100 kHz of SPINAL6429 decoupling was 
used during acquisition. In order to assign filter residues in the 1 µM [K+] state, 
heteronuclear 2D NcaCX and NcoCX spectra and 2D 13C-13C homonuclear correlation 
spectra with a DARR mixing (15 ms) and DREAM30 mixing (4.5 ms) were collected for 
that sample. 2D 13C-13C homonuclear correlation spectra with a DARR mixing (15 ms-25 
ms) were collected for samples equilibrated with buffers at [K+] = 0.2 µM, 5 µM 10 µM, 1 
mM, 10 mM, 50 mM and 150 mM to track the chemical shifts of resolved marker peaks. 
A 2D 13C-13C homonuclear correlation spectra with a DREAM mixing was used to 
measure data at 0.77 µM because this sample was measured on the 900 MHz 
instrument. Typical recycle delays of 3 s were used. All spectra were collected at a set-
temperature of 240 K. Temperature calibrations on our spectrometers have shown that 
at high speeds, the heating due to MAS is on the order of ~ 15-18°C for a spinning speed 
of 14 KHz on a 750 MHz instrument. However, for conductive samples such as ours, the 
sample heating due to high power RF radiation is close to 20-30 °C during 80-100 KHz 
H-decoupling for 10-15 ms. This leads us to estimate that although the sample set-temp 
is 240 K, the actual sample temperature during data acquisition is closer to ~280 K. All 
13C chemical shifts were referenced externally to the adamantane line at 40.48 ppm. 15N 
shifts were referenced internally by calculating the nitrogen zero frequency based on 
the carbon zero frequency and the recommended gyromagnetic ratio from the BMRB. 
Data were processed using TopSpin (Bruker Biospin), NMRPipe31 and SPARKY32 
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Typically a Lorentz-to-Gauss apodization was used in both dimensions while 
processing the data with net matched line broadening of 50-100 Hz as necessary. 
 
4.9.3. Data Analysis 
Site- specific titration curves for KcsA at three different sites in the pore. The relative 
populations were extracted from the integrated intensity of the peaks using the 
SPARKY32 program. For the titration curves the formal error in the integration is not a 
good estimate of the uncertainty in the populations (it is too small), so the errors are 
estimated using the noise threshold of the spectrum. The quantitative details of the data 
analysis and a complete error analysis are shown in the Appendix 4. The raw 
population data derived from the NMR intensities & integrals are also shown in 
Appendix 4. The data were fit to the standard Langmuir binding isotherm with a Hill 
coefficient when needed. Each point was weighted by the error before including it in 
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5. The protonation state of E71 and its role for 




This chapter is about the physiological role of the collapsed state of the filter sampled at 
low K+, and the importance of an ionizable residue, E71 behind the selectivity filter for 
the structural collapse of the filter. We use an inactivation-resistant mutant E71A to test 
the hypothesis that the C-type inactivated state resembles a low potassium collapsed 
form. C-type inactivation involves closing the outer pore, and is important in 
homologous eukaryotic channels. Using NMR, we show that E71A is unable to access 
the collapsed state, at both low potassium and low pH, which suggests that the 
collapsed state is similar to the inactivated state in terms of stability. This and the 
similar chemical shifts between the collapsed and inactivated states suggest that they 
are also structurally similar. We show that the E71A mutation significantly increases the 
disorder in the filter at both high and low K+. We also show that there is a local change 
in the electronic environment around E71 that is coupled to channel collapse at low K+. 
Using site-specific chemical shift tensor measurements, we assign protonation states to 
the sidechains of E71 and its hydrogen bond partner D80 and show that E71 is 
protonated and D80 is deprotonated at high potassium and pH 7.5. E71 therefore must 
have a highly perturbed pKa (> 7.5). The results are in qualitative agreement with 
previous computational work and our own electrostatic simulations. The observations 
offer key mechanistic insights into the control of ion binding and inactivation by an 
ionizable residue near the filter.  




5.2.1. The C-type Inactivation Hypothesis 
The molecular mechanisms by which K+ channels are regulated, specifically the control 
mechanisms by which they can be closed or inactivated are of significant interest. Of the 
various inactivation mechanisms, there has recently been a special interest in the C-type 
inactivation process, which is a K+ and voltage dependent closure of the outer mouth of 
the channel after channel opening.   
C-type inactivation was first described as a millisecond timescale process in 
Shaker channels 1, and a similar process occurs in a wide range of bacterial potassium 
channels including KcsA and KirBac and in the mammalian channel hERG albeit at 
different rates. Understanding the molecular basis for C-type inactivation in 
mammalian potassium channels is of significant clinical interest because of its direct 
relation to cardiac malfunction and the development of a variety of pharmaceuticals 2,3. 
However, the inactivated state is a transiently populated kinetic intermediate in the K+ 
transport cycle and stabilizing it on the timescale of structural studies is a challenge. 
Identifying the molecular structure of this transient intermediate could yield 
mechanistic insight into the molecular details of inactivation.  
KcsA is known to alter the structure of its pore depending on the ambient 
potassium concentration; at high potassium, it exists in a conductive form and at low 
potassium, it collapses into a non-conductive structure. KcsA also inactivates in a K+ 
and voltage dependent manner on the timescale of milliseconds-seconds. 4	  In previous 
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chapters we reported the structural and qualitative dynamic characterization of the two 
limiting states of the selectivity filter at high and low potassium, and measuring site-
specific potassium affinities in the pore5. We also showed that the conductive state, 
accessed at high K+ and the collapsed state, accessed at low K+ are in slow exchange on 
the NMR timescale (kf + kr < 500/s). The group of Baldus has applied solid-state NMR 
to a KcsA-Kv1.3 chimera to elucidate the mechanisms of pH-dependent gating and 
toxin-induced changes in the selectivity filter also indicating that the selectivity filter 
samples different structural states depending on pH and toxin binding6,7. It is of interest 
to know how these states that are favored by low potassium, pH changes and toxin 
binding correspond to the states that are transiently accessed during normal channel 
function.	  In this chapter, we focus on the low K+ induced “collapsed” state of KcsA and 
use solid-state NMR to test the hypothesis of whether the low K+ collapsed state 
structurally resembles the C-type inactivated state of KcsA. 	  
We test this hypothesis because several lines of work have suggested that the C-
type inactivated state of KcsA may resemble the low K+ collapsed state. Our own 
measurements of the slow exchange rate of the collapsed state with respect to the 
conductive state, was one indication of a possible equivalence since C-type inactivation 
is also slow and K+ dependent8. Additionally, a structural equivalence between these 
states has been suggested by crystallographic studies of various mutants which show 
that when the pH gate of the KcsA is artificially opened, and the filter is presumably 
fully inactivated, the structure and ion occupancy of the filter resemble the low K+ 
collapsed state 9. We use a mutation of KcsA, E71A, which is known to be inactivation-
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resistant and has been extensively characterized by electrophysiology 10, together with 
our knowledge of the spectroscopic signatures of the wildtype collapsed state at low K+ 
to ask the question – can the inactivation-resistant mutant E71A collapse its filter at low 
K+? If it can, then it is unlikely that the inactivated state resembles the low K+ state, but 
if it cannot, then this result together with the slow exchange rate and the 
crystallographic results, makes a very good case for structural equivalence of the low K+ 
state and the inactivated state.  
 
5.2.2. Mutations of E71 
Glutamic acid 71 has been a residue of great interest in KcsA, because of its proximity to 
the selectivity filter. The sidechain of E71 was disordered in the early structures of KcsA 
and even at the highest resolution structures currently available; its protonation state is 
unclear. E71 is part of an intricate hydrogen bond network involving the sidechains of 
E71, D80 and W67, a conserved water molecule and also backbone atoms of G77 and 
Y78 (Figure 5. 1).  Mutating residues in this network to remove their hydrogen bonding 
ability is known to affect a variety of channel characteristics, including selectivity13, 





Mutations at position E71 have been shown to alter both the gating kinetics and 
the structure of the selectivity filter. Known crystal structures of E71 mutants include 
E71I, E71S, E71Q, E71H and E71A. The structures can be classified into two broad 
categories as shown below in Figure 5. 2. The selectivity filter of the first category of 
structures resembles the conductive state of wildtype KcsA in that the carbonyl 
chelators of K+ are generally in register, and W67 and D80 are pointed in towards a 
cavity behind the selectivity filter. The second category of structures has been termed 
Figure 5. 1. The network of hydrogen bonds that tether the selectivity filter to the pore 
helix and involve residues E71, D80, Y78, G77, T75 and W67 in KcsA are shown and 
numbered. Panel A shows the high K+, conductive state (PDB 1K4C) and panel B shows 
the collapsed, low K+ state (PDB 1K4D). Notice that while the E71-D80-W76 hydrogen 
bond network is generally maintained between the two states, the geometry of the 
network between E71 and D80 becomes more compact and hydrogen bond #3 (Y78 N – 
E71 CO2) becomes much weaker at low potassium. A water molecule between E71 and 
D80 is included in the majority (~80%) of all crystal structures of WT-KcsA with a 
resolution lower than 2.5 Å. Heavy-atom distances corresponding to each numbered 
hydrogen bond are listed in table S1. 
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the “flipped” structures because they show a sidechain flip at both D80 and W67 
positions, and the carbonyl groups of the selectivity filter are out of register. It is unclear 
whether the flipped structure is sampled during the normal course of channel function. 
It was observed in a minor fraction of crystals of the mutant E71A at high K+, and was 
the predominant structure observed in crystals of E71A at low K+. 
E71A is an important mutant of KcsA because of suppressed C-type inactivation. 
Wildtype KcsA has a low open probability and abolishing inactivation by using this 
mutation has made E71A a “constitutively open” K+ channel, widely used for kinetic 
studies 11,12. From a mechanistic standpoint, it is interesting to understand why E71A 
does not inactivate. The crystal structures of wildtype KcsA at high and low K+ do not 
clearly reveal why E71 is so important for inactivation because its local structure and 
hydrogen bond environment are fairly similar between the conductive and 
collapsed/inactivated structures. Previous work has suggested that an ionized E71 
sidechain may be a voltage sensor in the pore4. However details like the protonation 









Figure 5. 2. Crystal structures of KcsA mutants at position E71. In panel A individual 
structures of mutants E71I, E71S, E71Q, E71H and E71A are shown. The structures of 
these mutants can be classified into two categories – “conductive” and “flipped”. The 
conductive structures (blue labels) show ordered selectivity filters and sidechains of 
D80 and W67 pointed inwards. The flipped structures (red labels) show disordered 
selectivity filters with the sidechains of D80 and W67 pointed outwards. An overlay of 
all the different mutant filters is shown in panel (B). 
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5.2.3. The protonation state of E71 
NMR studies of a KcsA.Kv1.3 chimera have suggested a possible change in the 
protonation state of E71 as the potassium level is lowered7 at neutral pH. Using the 
isotropic chemical shift of the sidechain carboxyl of E71, these studies indicate that at 
neutral pH and high K+ conditions, the sidechain of E71 is deprotonated and as K+ is 
reduced a proton is loaded onto E71. The authors suggest the E71 acts like a proton-
driven gate behind the selectivity filter, and its protonation state controls whether the 
filter is conductive or non-conductive. 
Computational studies of KcsA indicate otherwise. Due to their proximity to the 
pore, the ionization states of E71 and its hydrogen bonding partners significantly affect 
the electrostatics in the selectivity filter. Therefore, there has been significant 
computational interest in predicting the pKa of E71. Electrostatic pKa calculations from 
two different groups suggest that the sidechain of E71 has an unusually high pKa and at 
pH 7.5, the sidechain of E71 must be protonated16–18. Quantum mechanical simulations 
have suggested that a proton is shared between E71 and D80 in a low-barrier hydrogen 
bond and the position of the proton is correlated with the ion occupancy of the 
selectivity filter.  
So there is an inconsistency between the NMR studies and the computational 
studies regarding the protonation state of E71. Since assigning protonation states to E71 
and D80 is the first step to understanding why E71A does not inactivate, we use site-
specific chemical shift tensor measurements to make a much more unambiguous 
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measurement of the protonation state of E71 and its hydrogen bond partner D80. We 
also show that there is indeed a local change in the sidechain of E71 upon K+ depletion, 
which is coupled to the structural collapse of the filter.  
 
5.3. Results 
5.3.1. 3D sequential assignment of E71 and D80 
We have two pieces of evidence to support our assignment for E71. First, we measured 
sequential contacts between residues T72-E71-V70-S69 from 3D N-C-C correlation 
experiments shown in Figure 5. 3. Second, the CC2D spectrum of the mutant KcsA-
E71A showed one missing glutamic acid spin system whose shifts corresponded to 
those assigned to E71 from the 3D. The mutant alanine is also detected as an extra peak 
in the alanine Cα-Cβ region. We had previously reported a complete set of backbone 
and sidechain chemical shifts for the selectivity filter of KcsA (T72-L81). However, the 
E71 spin-system was not detected in our spectra. Here we report and validate an 
extension of the assignment of E71, which was detected using a high s:n uniformly 






E71 N CO CA CB CG CD 
Our assignment 111.4 175.6 58.3 27.5 32.3 182.5 
Ader et al N/A N/A 58.2 27.1 32.5 181.9 
Chill et al N/A 180.1 N/A N/A N/A N/A 
SHIFTX2 117.2 176.3 58.2 28.9 30.7 176.4 
SPARTA+ 120.2 176.0 56.9 29.7 N/A N/A 
D80       
Our assignment 116.7 175.5 55.5 37.3 179.3 -- 
Ader et al 118.4 N/A 55.7 37.3 179.4 -- 
Chill et al 115.7 N/A N/A N/A N/A -- 
SHIFTX2 118.31 175.1 54.4 40.7 174.6 -- 
SPARTA+ 120.9 176.4 54.5 40.6 N/A -- 
Our assignment is further validated by its agreement with previously reported 
chemical shifts for these residues from the group of Baldus (Kv1.2-KcsA chimera in 
asolectin liposomes)19 and Bax (WT-KcsA in SDS micelles)20 and general agreement 
with the predicted chemical shifts from SPARTA+ 21 and SHIFTX222. The comparison is 
shown below in Figure 5. 3. The observed nitrogen shift (111.4 ppm) for E71 is much 
lower than expected. However, it is well within 3σ of the average helical backbone 
nitrogen shift for glutamic acids reported in the BMRB and there are over 50 reported 
instances of glutamic acid nitrogens in the range of 110-112 ppm. The D80 spin-system 
was much easier to assign unambiguously because of its proximity to G79, which, being 
a part of the selectivity filter, has a uniquely upfield nitrogen shift. Figure 5. 3 shows the 
3D strip plots that support the sequential assignment of Y78-G78-D80-L81 from 3D-
NCαCX and NCOCX spectra. Sequential assignments for the rest of the selectivity filter 
are in chapter 2 and in the appendices. 






5.3.2. Studies of E71A-KcsA at low [K+] and low pH 
We measured NMR chemical shifts of both wildtype KcsA and the mutant KcsA-E71A 
at two K+ levels, 25 mM K+ and 0.2 µM K+, at a neutral pH of 7.5. Our results show that 
the inactivation resistant mutant E71A is indeed unable to access the collapsed state of 
the channel, even at an ambient potassium level of as low as 0.2 µM, which is about an 
order of magnitude lower than the titration point for the WT filter collapse5. This 
Figure 5. 3. Sequential assignments for residues S69-T72 and Y78-L81 that surround the 
selectivity filter are shown as a strip plot. The plot shows amide nitrogen planes of the 
3D NCOCX (red) and NCαCX (blue) experiments and illustrates the backbone and 
sidechain assignment of the key pore residues E71 and D80, which share a hydrogen 
bond. Sequential correlations for other residues in the selectivity filter have been 
published previously by our group and by the Baldus group.  
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conclusion is evidenced by several previously characterized markers of filter collapse, at 
various sites in the filter including T74 and V76 (Figure 5. 4 Panel A).  We also 
measured both the wildtype channel and the mutant E71A at high K+ (25 mM) and two 
pH conditions: pH 7.5 and pH 3.5. Due to the coupling of C-type inactivation with pH-
dependent activation, some fraction of the selectivity filter in WT KcsA is expected to 
exist in the inactivated state at low pH. This phenomenon has been described in recent 
NMR studies 7. Our spectra suggest that while the wildtype channel shows some signs 
of entering a collapsed-like state at T74 and V76 at pH 3.5, the mutant E71A remains 
completely in the conductive state even at pH 3.5 (Figure 5. 4 Panel B). The mutant 
channel’s inability to access a collapsed state at both low potassium and low pH 
conditions, together with our previously measured slow exchange rate5, are strong 
evidence for the structural similarity between the collapsed state of the filter and the C-







Figure 5. 4 Sections of 13C-13C 2D spectra of both WT-KcsA and the inactivation resistant 
mutant E71A are shown with key markers highlighted. In (A) spectra at neutral pH and 
two potassium concentrations ~1 µM (red) and 25 mM (blue) show that the 
characteristic collapsed-state chemical shifts (V76* and T74*) are detected for the WT 
protein at low K+, but not detected for the mutant E71A at low ambient [K+], which 
instead remains conductive. The absence of the collapsed state for E71A and the 
presence for the WT channel reproduced at several different markers including the V76 
Cβ-Cγ crosspeak (30 ppm, 19.5 ppm) and T74 Cβ-Cg (70.3 ppm, 20.5 ppm) suggesting 
that mutating glutamate 71 to alanine prevents the filter from collapsing at low [K+]. In 
(B) spectra at high [K+] and two pH conditions: 3.5 (gray) and 7.5 (blue) are shown for 
both WT-KcsA and the mutant E71A.  The WT low pH spectra show similar signature 
collapsed state shifts, at V76 Cβ-Cγ and T74 Cβ-Cγ, suggesting that at low pH, the filter 
in the WT channel resembles the filter at low K+ conditions in some aspects.  The low 
pH shifts of these markers in the E71A filter, however, reiterate that E71A does not 
collapse its filter. These data show that unlike the WT, the E71A filter does not collapse 
at low K+ or at low pH. 
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5.3.3. Structural heterogeneity in selectivity filter of E71A-KcsA  
The mutant E71A exhibits structural heterogeneity in some parts of the filter at both 
high and low potassium. We have qualitatively characterized this heterogeneity by 
comparing spectra of wildtype KcsA at high potassium (25 mM K+, pH 7.5) with E71A-
KcsA under the same conditions. As shown in Figure 5. 5, E71A exhibits more than one 
conformation at several sites including W67, Y78, T74 and D80. In some cases, the 
alternative states of the amino acids can be observed as a second set of shifts through 
the entire spin system. We used the chemical shift tool SPARTA+ to glean a little more 
structural information about the multiple states that we observed in spectra of the 
mutant E71A. The chemical shift analysis shown in Table 5. 1, reveals that one of the 
two states is identical to the WT conductive state that we previously characterized, 
except at D80 where the native contacts are completely altered. We compared the other 
state to the “flipped” structure that was observed in a small fraction of E71A crystals 
from the group of Perozo. Within the error of the predictive tools, it seems plausible 
that the minor state is the “flipped” structure or at least somewhat similar to it.  
We speculate that the extra linewidth in the mutant at low potassium could be 
due to one of two processes. First, disrupting the E71-D80 hydrogen bond could 
compromise the tetrameric stability of the mutant channel at low potassium much more 
than the WT channel, so what we observe for the mutant at low potassium is actually 
the KcsA monomer with a distribution of selectivity filter conformations, and not the 
tetramer. Second, it is possible that due to the reduced steric constraints, the mutant 
channel exhibits disorder or dynamics at low potassium that affect the solid-state NMR 
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lineshape. Distinguishing between these hypotheses is complicated, but it is worthwhile 
to note that the E71A mutant tetramer is less stable than the WT. Thus, based on our 
assignments and chemical shift analysis, these shifts most likely correspond to an 
alternate conformation of the filter that exists simultaneously in the sample and is in 
very slow exchange on the NMR timescale. The relatively narrow linewidth of the 
marker peaks indicates that the heterogeneity/disorder consists of at least two distinct 
conformations of the filter, rather than a broad continuum of states. This alternate 
conformation could possibly be the “flipped” structure of the filter that was observed in 













W67 CB 29.9 29.5 29.5 29.6 29.4 
W67 CG 110.9 111.6 111 NA NA 
T74 CA 61.5 60.8 61.1 62 61.2 
T74 CB 69.2 69.9 69.7 69.5 68.5 
Y78 CA 60.7 61.5 61.5 60.7 56.3 
Y78 CB 38.8 38.3 38.3 39 40.3 
D80 CA 55.8 55.8 55.5 56 52.5 
D80 CB 35.5 36.1 37.3 41.1 40.5 
Table 5. 2. Chemical shift analysis of the major and minor conformations observed in 
NMR spectra of the mutant E71A at sites W67, T74, Y78 and D80 is shown. Of the two 
conformations, the major conformation is very similar to the previously characterized 
WT conductive state of the filter (PDB: 1K4C). The minor conformation may be the 
“flipped” state, previously reported as being observed in a small percent of crystals. 
However, the large error bars in current state-of-the-art chemical shift prediction 
programs precludes any definitive confirmation of this point. 
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The behavior of E71A at low potassium is very different from the wildtype 
channel, showing broader Cα linewidths. Curiously, at high ambient potassium, both 
the mutant and the WT show comparably narrow linewidths (Figure 5. 5, panel B), 
suggesting that the presence of potassium as a ligand is exceptionally important for the 
stability of E71A. Of course the NMR linewidth in a uniformly labeled protein sample 
can be affected by a variety of technical issues like the static field strength, homonuclear 
decoupling efficiency, sample temperature and temperature gradients, sample 
hydration level and shimming. These effects would be expected to affect all the residues 
and marker peaks, although the decoupling efficiency may be differential. In order to 
systematically eliminate some of these effects, all comparative linewidth spectra were 
acquired at the same sample temperature of ~ 0-10∘C.  The datasets were acquired and 
processed identically so that parameters like the digital resolution and decoupling 
efficiency remained constant. The data were reproduced at two different static field 
strengths. The hydration level of the samples was maintained at 85% relative humidity 
using a constant humidity chamber.  
The linewidth effects we report are associated specifically with some lines and 
not obviously related to spin system type. It is also worth noting that the affected sites 
are not all in the selectivity filter. Therefore, these effects at low K+ are more likely due 
to conformational disorder, either dynamic or static. In contrast to the disorder 
described for the high K+ state of E71A, which appears to be slow exchange based on 
lineshapes, the disorder in the low K+ state is compatible with millisecond to 
microsecond motions in that for each line observed, there is not a resolved pair of lines 
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but rather a general broadening (Figure 5. 6). In both cases, the data suggest that the 
interactions between the E71 sidechain and the selectivity filter provide a set of 
constraints on the conformation of the selectivity filter which are lost when E71 is 





Figure 5. 5. A summary of the linewidth and spectral quality of the KcsA mutant 
E71A at high and low potassium is shown. In (A), the structural perturbation and 
heterogeneity observed at high potassium in a 2D correlation spectrum of the mutant 
(green) at sites W67, Y78 and D80 is shown and overlaid onto a wildtype-KcsA 
spectrum (blue) under the same conditions. The disordered and perturbed residues 
are mapped onto the structure of the KcsA filter with the conductive state (1K4C, 
blue) and the minor flipped conformation seen in some x-ray structures (like 2ATK, 
green). The narrow linewidth of marker peaks and other nearby residues indicates 
that at high K+, the mutant is correctly folded and the disorder is likely resulting from 
two structurally distinct populations in a local region, and not a broad continuum of 
states. In (B), an analysis of the Cα linewidths in the selectivity filter of wildtype KcsA 
and mutant E71A is shown. When [K+] is < 1 µM ; residues in the wildtype filter shift 
but maintain a narrow NMR linewidth whereas particular peaks in the mutant filter 
(Y78, V76 and T74) appear to be significantly broader. The data suggest that at low 
potassium, the selectivity filter in E71A exhibits significantly more disorder or 





5.3.4. Changes in E71 and D80 as a function of [K+] in WT-KcsA 
Our results on the mutant E71A described above suggested that E71 plays an important 
role in controlling the channel’s ability to access the collapsed or inactivated state. Since 
this state is typically accessed at low K+, we measured the isotropic chemical shifts of 
E71 and D80 as a function of ambient potassium ranging from 0.2 µM to 50 mM at pH 
7.5. The data summarized in Figure 5. 7 show a significant upfield change from 182.5 

































Figure 5. 6. A plot of the NMR linewidth of key residues in the selectivity filter of the 
E71A mutant at low K+ vs the observed chemical shift differences between the major 
and minor conformations of the mutant filter at high K+. There is no obvious correlation 
between the extent of the line broadening observed at low K+ and the distribution of 
chemical shifts at high K+. This rules out the possibility that the broadening at low K+ is 
the same process as the slow exchange into multiple conformations observed at high K+. 
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potassium concentration is decreased from 10 µM to < 1 µM. The backbone carbon and 
nitrogen chemical shifts of E71 do not show significant changes, and none of the D80 
chemical shifts show significant changes. The NMR chemical shift is a sensitive 
indicator of local electronic environment and can report on both structural changes and 
changes in the electrostatic environments of atoms. Since the change in E71 is restricted 
to the terminal carboxyl group, it is very likely that it reports on a local change in the 
electronic environment of the E71 sidechain carboxyl.  
 The observed upfield shift in E71 also occurs when the ambient K+ level is 
changed from 1 µM to 10 µM, which is the same range in which various other marker 
peaks in the selectivity filter indicate collapse. Panel B in Figure 5. 7 plots the relative 
population of the high K+ form of E71 observed at 182.5 ppm as a function of the K+ 
level, and compares it to our previously published curve documenting the structural 
collapse of the filter using the marker V76 5.  It is clear that the transitions in both of 
these curves occur in the same potassium concentration regime, suggesting that the 
change in E71 is coupled to the slow, potassium-dependent structural collapse of the 
selectivity filter. The data also show that D80 remains unaffected through the collapsing 
process. The ionization states of E71 and D80 have been of some interest in 









Figure 5. 7. The potassium dependent isotropic chemical shifts of E71 and D80 are 
shown. In (A), the 13C chemical shifts of E71 (top) and D80 (bottom) in WT KcsA are 
plotted as a function of ambient [K+] at pH 7.5. The data show a large downfield 
movement in the sidechain carboxyl chemical shift of E71 (in yellow) as [K+] is 
increased, but no change in the backbone shifts. At [K+] = 10 µM , both the protonated 
and the deprotonated states of E71 are observed, indicated by the filled and hollow 
markers. All the D80 isotropic shifts remain unchanged by potassium. In (B) C-C 
correlation spectra highlighting the E71 and D80 carboxyl chemical shifts at the end-
points of the titration are shown. In (C) the relative populations of the deprotonated 
state E71 based on its NMR signal intensity is overlaid with populations from another 
selectivity filter marker, V76. The V76 curve (fit to a two-state binding model) shows 
that that the transition from the conductive state to the collapsed state occurs between 
[K+] = 1 mM and 10 µM. The data show that change in the E71 sidechain occurs in the 
same potassium concentration regime as the structural collapse of the filter based on Kd 




5.3.5. Electrostatic simulations of the pKas of E71 and D80 
In order to simulate the pKas of E71 and D80 in KcsA, we used two different 
publicly available programs: The first was called MCCE23 (Multi-conformer continuum 
electrostatics) from Marilyn Gunner’s Group at CUNY. In this program sidechain 
motions (rotamers) are simulated explicitly while the dielectric effect of the solvent and 
the bulk protein is modeled by continuum electrostatics. The second was called H++24, 
which is a web-based service from the group of Alexey Onufriey at Virginia institute of 
technology. This program does not simulate extensive sidechain rotamers but just uses 
a bulk dielectric for the protein (that you can choose) to calculate various pairwise 
electrostatic contributions to pKa, using sidechain conformations in the starting crystal 
structure. Both programs use different numerical solvers for the Poisson-Boltzmann 
equation – MCCE uses Delphi, H++ uses Amber. Both programs do not calculate pKas 
for water. Both programs strip off the K+ ions inside the filter and require advanced use 
to keep the K+ intact, which was beyond the scope of my simulations. For all 
simulations the solvent dielectric was assumed to be 80.4. The pKas for E71 and D80 
were calculated over a range of protein dielectric constants from 1-20. Both programs 
showed that the pKa of E71 is greater than D80 and both programs showed that the pKa 
of E71 is more dependent on the protein dielectric than the pKa of D80. This is 
consistent with E71 being buried and less solvent exposed than D80. (See Table 5. 3) 
Additionally, simulations show that there is no significant difference between in pKas 






Figure 5. 8 .Electrostatic calculations of pKa of KcsA at high K+, and pH 7.5, based on 
the coordinates from the high resolution published crystal structures 1K4C (filled) and 
1K4D (open). We used two different programs, H++ (left) and MCCE (right) and to 
calculate the pKas of E71 (red), D80 (blue) and E51 (green) for a range of different bulk 
protein dielectric constants. The calculations suggest two results (1) that the pKa of E71 
is elevated above D80, so a shared proton would preferentially reside at E71 (2) that 
there is no significant change in the pKa of E71 between the conductive and collapsed 







Fractional accessible surface  area of sidechain 
(1K4C|1K4D) 
71 GLU 0.03 |0.07 
72 THR 0.09| 0.14 
73 ALA 0.02| 0.02 
74 THR 0.35| 0.38 
75 THR 0.55 |0.59 
76 VAL 0.49 |0.39 
77 GLY 0.60 |0.78 
78 TYR 0.58 |0.55 
79 GLY 0.50 |0.65 
80 ASP 0.53 |0.53 
 
5.3.6. The protonation state of E71 and D80 in WT-KcsA 
As discussed in the introduction, previous work has shown a similar upfield change in 
the chemical shift of the E71 sidechain during conversion into the low K+ form, and has 
interpreted this it as the protonation of E717 , based on typical isotropic chemical shifts 
of protonated and deprotonated carboxyls. However, detailed studies of hydrogen 
bonding in amino acid model compounds suggests that the 13C carboxyl isotropic shift 
can sometimes be a poor indicator of the actual protonation state of a carboxyl group, 
and that the anisotropic components of the chemical shift tensor, are often much more 
sensitive to changes in the protonation state26,27. Since solid state NMR offers us the 
unique ability to measure site-specific chemical shift tensors, we used slow magic-
Table 5. 3. Solvent accessibility for E71 and D80 calculated using the standard crystal 
structures 1K4C (high K+) and 1K4D (low K+) with the program VADAR 25 
(http://vadar.wishartlab.com/) from the Wishart group. The values range from 0 (not 
at all solvent accessible) to 1 (completely solvent accessible). 
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angle-spinning (MAS) experiments to site-specifically extract the anisotropic 
components of chemical shift tensors of E71 and D80. 
 Figure 5. 9 panel A shows the measured spinning sideband pattern for both the 
E71 and the D80 sidechain carboxyl carbons at 25 mM K+ and a pH of 7.5. The extracted 
principle components of the chemical shift tensor of E71 and D80 are listed in Table 5. 4 
along with the parameters for various control residues including the E51 carboxyl, 
which has a surface exposed sidechain, which is definitely deprotonated at pH 7.5, and 
a standard backbone carbonyl of the alpha-helical residue A32. The tensors of E71 and 
D80 are very different, which is already a clue that they are likely not in the same 
protonation state. To quantitatively establish the protonation state of E71 and D80, we 
analyzed the magnitude of the δ11 tensor component, which is typically oriented in the 
plane of the carboxyl oxygens, and is known to be one of the clearest indicators of 
protonation. A comparison of our values of the δ11 tensor component for E71, D80 and 
E51, to a distribution of values from a known database26 of 43 deprotonated and 31 
protonated carboxyls is shown in Figure 5. 9 panel B. It is very clear that at high 
potassium and neutral pH, E71 δ11 belongs to the protonated distribution and the D80 
and E51 δ11s belong to the deprotonated distribution, and that these distributions are 
clearly separated. Data collected at neutral pH and low potassium suggest that E71 and 
D80 retain the same protonation states at high and low potassium. As a control we also 
measured the tensor of the backbone carbonyl of the alpha helical residue A32, and 
compared it to previously measured alpha helical tensors 28. The agreement is good. We 
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also measured the backbone carbonyl CSAs at T74 and T75 at high K+ which will be 





	   	  
Figure 5. 9. A summary of the chemical shift anisotropy measurements at E71 and D80 
is shown.  In (A) the experimentally derived sideband intensities from slow MAS 
spectra (black) are shown together with the best fit from SPINEVOLUTION (red). The 
error bars represent the average signal : noise of the spectrum. On the right the 
simulated tensors based on the average values of a protonated (dark) and deprotonated 
(light) carboxyl are shown. Panel (B) plots the distribution of the δ11 component from a 
previously published database(23) of protonated (dark) and deprotonated (light) 
carboxyl tensors of known crystal structure. Our measured δ11 values for E71, D80 and 
E51 are overlaid in red onto this distribution. (The y-offset of E51 is for clarity). From 





 δiso δ11 δ11  error δ22 
δ22 




 ppm ppm ppm ppm ppm ppm ppm ppm 
High K+         
A32 177.7   245.5  4.1 197.5 4.1 90.1 1.4 140.0 
E71 182.4  260.1  3.6 181.3 3.6 105.9 1.4 133.5 
D80 179.4  239.1  4.8 198.2 4.8 100.9 2.5 141.7 
E51 184.2  237.7  5.9 212.8 5.9 102.0 2.6 126.9 
T74 176.1  245.3  4.7 188.8 4.7 94.2 2.3 150.7 
T75 172.1  242.9  4.4 181.3 4.4 92.1 2.4 153.7 
         
Low K+         
D80 179.2  239.5  5.7 195.6 5.7 102.5 2.6 146.4 
E71 180.2  259.4  10.9 196.3 10.9 84.9 6.3 148.1 
         
Database         
Avg +H 176.6  258.5  2.8 160.4 8.9 111.1 3.4 209.2 
Avg -H 179.4  242.8  2.8 185.3 8.4 110 2.6 167.5 
         
Controls         
Glycine 176.3  248.2  1.7 176.3 1.7 104.4 0.8 176.3 




Table 5. 4. The principle components of the chemical shift tensors of E71, D80 and 
various other control residues are listed. The errors reflect uncertainty in the values 
based on the quality of the fit. The last column shows a linear combination of the three 
components (A= δ11- δ22+ δ33), which is known to be sensitive to hydrogen bonding. 
The data show that E71 remains protonated at both high and low K+ based on similar 
values for δ11, but the δ22 and δ33 values change, which suggests a structural and/or 




Figure 5. 10. The reconstructed sideband manifolds for various control peaks at high K+ 
(red) and at low potassium (blue) are shown. These include the A32 backbone carbonyl, 
the E51 sidechain carboxyl and the T74 and T75 backbone carbonyls. Experimental data 
is shown in black, the best fit is shown by the dotted line. Sideband manifolds for the 
E71 and D80 carboxyls at low K+ are shown in the last two panels. The CSA parameters 





5.3.7. Distinguishing protonation from fast-motion 
In order to confirm that the observed symmetry in the E71 tensor was a result of 
protonation and not of fast proton exchange in a low-barrier hydrogen bond, we 
simulated the effects of a fast-limit proton exchange on the sideband patterns of a 




























!11 !22 !33! iso
Figure 5. 11. A graphical representation of the tensor parameters for E71, D80 and 
E51 compared to values from a database of model compounds.(22) A parameter 
called A (= δ11- δ22+ δ33) is plotted against the individual values for the tensor 
components for 31 protonated (dark blue, filled) and 43 deprotonated compounds 
(light blue, filled). The isotropic shifts are indicated by open markers. δ11 is known 
to be the best indicator of protonation. δ22 is a measure of the strength of the 
hydrogen bond associated with the carbonyl side of the carboxyl, and δ33 is 
essentially invariant with protonation  
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pattern that we observe at E71 and also inconsistent with marked asymmetry of the D80 
tensor.  These results are shown below in Figure 5. 12.	  	  
 
Figure 5. 12. Simulations of a static CSA lineshape of a typical protonated glutamic 
acid carboxyl (δ11=252, δ22=174, δ33 = 109), dark blue), a typical deprotonated 
glutamic acid carboxyl (δ11= 242, δ22=202 , δ33 = 105, light blue) and a fast-limit 
equal-population average of the two (δ11=243.5, δ22=191.5, δ33=107, red)., taking into 
account the 30 degree reorientation of the δ11 and δ22 axes in the plane of the 
carboxyl group, upon protonation. The results show that a fast-limit average of the 
two tensors, which is what we would expect for a low barrier hydrogen bond, still 





Our data on the inactivation-resistant mutant E71A show that the collapsed state 
accessed at low K+ is indeed structurally similar to the C-type inactivated state of the 
channel. The C-type inactivated state is typically populated transiently for a few 
milliseconds-seconds after the pH-gate is opened and is therefore difficult to study by 
equilibrium methods. We show that lowering the ambient K+ level is an experimentally 
feasible way of accessing the inactivated state. Controlling the K+ level can be used to 
modulate the relative population of the inactivated state with respect to the conductive 
state, which facilitates future biophysical studies of this clinically important process.  
 In order to gain mechanistic insight into the role of E71 in stabilizing the 
inactivated state of the channel, we determined the protonation state of E71 and its 
hydrogen bond partner D80, and showed that E71 is protonated at pH 7.5 and therefore 
has an unexpectedly high pKa, whereas D80 is deprotonated at pH 7.5. This result is 
significant for both scientific and technical reasons.  
Since the first crystal structure of KcsA in which the sidechain of E71 was 
disordered 29, there has been a lot of interest in the protonation state of E71, because of 
its proximity to the selectivity filter. A perturbed pKa for E71 had been predicted 
multiple electrostatic simulations, specifically, Ranatunga et al. predicted a pKa of > 
14.5 for E71 and Bernache et al. also predicted a perturbation of ~+10 pKa units for E71. 
Our own simulations using the x-ray structures 1K4C and 1K4D, and two different 
publicly available simulation programs H++ 24 and MCCE 23 over a range of different of 
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protein dielectric constants also qualitatively support an elevated pKa for E71. The data 
in this paper are the first unambiguous experimental measurements that validate these 
predictions and shows that E71 is protonated at neutral pH and high K+.  
The 2.3 ppm K+-dependent upfield change in the carboxyl chemical shift of E71, 
which occurs simultaneously with the structural collapse of the channel, and had 
previously been interpreted as a protonation event 7, is therefore probably a result of a 
local structural change in the sidechain of E71 upon K+ depletion and not protonation. 
Crystallography shown in Figure 5. 1 suggests that while the E71-D80 interaction in 
conserved between the conductive and collapsed states, the geometry of the interaction 
becomes more compact. Specifically, the carboxyl groups are both engaged in a syn-syn 
interaction with each other and with a conserved water molecule in both states, but in 
the conductive state the two carboxyls are offset from each other, whereas in the 
collapsed state they are aligned. Since we also observe a change in the isotropic shift of 
the Y78 amide 15N at low K+, we suspect that the 2.3 ppm shift in E71 is reporting on 
the weakening/loss of a hydrogen bond to Y78, and on a minor structural 
rearrangement to compensate for the loss. 
Our results help us understand why the mutant E71A mutant fails to inactivate. 
Functional studies have shown that replacing E71 with a histidine accelerates C-type 
inactivation but most other substitutions including serine, valine, isoleucine, threonine, 
cysteine and glutamine reduce inactivation in KcsA30. So the suppression of C-type 
inactivation in E71A is unlikely to be an effect of smaller sidechain volume or a specific 
chemical effect of the alanine. Instead, our data show a significantly more disordered 
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filter in the E71A mutant. Molecular dynamics simulations have also suggested that 
mutations at E71 can lead to increased dynamics in the filter30. Crystallography on the 
E71A mutant has indicated disorder in the form of an alternative “flipped” 
conformation of the mutant filter 13. It is intriguing to consider whether the conductive 
state of the E71A mutant is preferentially stabilized by this disorder i.e. the population 
of additional states entropically stabilizes the conductive state in E71A, and shifts the K+ 
dependent equilibrium between the conductive and inactivated/collapsed states into a 
regime that is beyond our detection (Kd << 1 µM). Such a hypothesis would also explain 
how a variety of different mutations at E71 could all lead to a suppression of C-type 
inactivation (to various extents), as long as they also lead to increased disorder. 
Sequence alignment shows that a glutamic acid in position 71 is not conserved 
across all potassium channels. In other channels, it is often substituted by large non-
polar amino acids like valine and isoleucine and smaller polar amino acids like serine 
Figure 5. 13). Mutations at the position equivalent to E71 affect C-type inactivation in 
both hERG and Kv channels 31. We suspect that the manipulation of the contacts and 
hydrogen bonds at this position using different amino acids, is a mechanism to tune the 
relative stability of the conductive state of the channel, and thereby allow for diversity 




From a technical standpoint, our results demonstrate the use of chemical shift 
anisotropy to measure functionally important protonation states of sidechains in a 
native membrane environment – a measurement that is unique to solid-state NMR. The 
magnitude of the chemical shift anisotropy tensor is typically described by three 
parameters δ11, δ22 and δ33 which measure the extent of the shielding in three 
orthogonal directions around the carboxyl carbon of interest, and are averaged to give 
the isotropic shift. The isotropic shift is the most commonly measured NMR observable, 
but in the case of the E71 sidechain carboxyl, an analysis based purely on its isotropic 
chemical shift leads to the wrong protonation state for this residue (Figure 5. 14). The 
unusually high isotropic chemical shift of the protonated E71 (~182.5 ppm vs. an 
















Figure 5. 13. Sequence alignment of the pore helix and the selectivity filter region across 




suggests a strong hydrogen bond acceptor positioned near the carbonyl, and is 
consistent with the positioning of the conserved crystallographic water near the E71 
carbonyl. Our data and simulations preclude the existence of a low-barrier hydrogen 
bond between E71 and D80, and suggest that the proton primarily resides near the 
carboxyl of E71. It has been long known from model compounds that the δ11 and δ22 
elements of the chemical shift tensor are more reliable indicators of protonation than the 
isotropic shift. This is a case where such anisotropic measurements make a big 
difference in the context of mechanistic studies of a membrane protein. 
 
 
Figure 5. 14. A summary of the sidechain carboxyl chemical shift distributions for 
glutamic and aspartic acid sites reported in the literature. The deprotonated shift range 
is shown in light blue and the protonated shift range is shown in dark blue for glutamic 
acid residues (top) and aspartic acid residues (bottom). Our measured shifts for E71 and 
D80 are marked in red.  The data show that, based on the literature, isotropic carboxyl 
chemical shifts for E71 and D80 at high potassium correspond to the deprotonated 




We use a two-pronged approach to investigate the role of a key residue E71 for KcsA 
function. First, by using the mutant E71A we showed that the low K+ induced collapsed 
state of KcsA is structurally similar to the c-type inactivated state of the channel and 
that removing the E71 sidechain leads to a disordered selectivity filter. Second, we use 
anisotropic chemical shifts to make the first direct, conclusive measurement of the 
sidechain protonation states of E71 and D80 in KcsA and show that the pKa of E71 is 
indeed highly perturbed (>7.5) compared to solution, as was predicted by electrostatic 
calculations. These results together provide mechanistic insights into the control of an 
important physiological process, channel inactivation, by a key ionizable residue behind 
the pore. 
	  
5.6. Materials and Methods 
5.6.1. NMR Sample Preparation	  	  
The WT- KcsA and KcsA-E71A gene cloned into a PASK90 vector were over-expressed 
in E. Coli JM83 cells as described in the Chapter 6. The WT KcsA tetramer is detected as 
a clean band at ~70 kDa in SDS gels at 25°C. E71A-KcsA is denatured by SDS and runs 
as a band at ~18 kDa.  The mutant E71A is unstable when stored in detergent at 4°C and 
was therefore stored in liposomes at -80°C and used as quickly as possible. The protein 
was reconstituted into 9:1 w/w DOPE/DOPS liposomes. The ionic strength of the 
dialysis buffer was kept constant by replacing K+ with Na+. Low K+ concentrations were 
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determined by atomic absorption spectroscopy. The hydration level of samples was 
maintained at 85% using a home-built hydration chamber. Samples were analyzed by 
cryo-EM to check for the bilayer structure, were packed in Bruker 4 mm or 3.2 mm 
rotors.  
 
5.6.2. NMR Spectroscopy  
NMR spectra were collected on two spectrometers: A Bruker Avance DRX-750 MHz 
spectrometer (with a 4 mm-HXY probe spinning at 14 kHz and a 3.2 mm HXY probe 
spinning at 14 KHz) and a Bruker Avance 2 900 MHz spectrometer (with a 3.2mm 
standard-bore Efree probe). Typical 90o pulse lengths for 1H were ~2.5 µs on the 
standard HXY probes and ~3 µs on the E-free probe. Spectra were collected at a 
spectrometer set-temperature of 240 K. At 14 KHz spinning, our calibration show that 
the actual sample temperature was 0-10 degrees during signal acquisition. All 13C 
chemical shifts were referenced externally to the adamantane line at 40.48 ppm. 15N 
shifts were referenced internally to the carbon shifts using the recommended 
gyromagnetic ratio from the BMRB 32 . 
Measurement of the CSA The chemical shift tensors for the sidechains of E71 and D80 
were measured using a CC-2D correlation experiment with 25ms of DARR mixing at 
slow magic-angle spinning. The optimal spinning rate was found to be 5.555 KHz. This 
MAS rate prevented overlap between between the arginines sidechain (~156 ppm) and 
the Cβ – Cγ/Cδ crosspeaks of interest. It also allowed for a rotor synchronized dwell 
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time. Spectra were collected at a VT set temperature of 240K, which corresponds to a 
sample temperature of ~0 degrees at slow spinning. A modified SPINAL64 33 
decoupling sequence (phases =12∘, 4∘, 8∘) was used based on empirical optimization of 
the signal. The data were acquired over ~4 days of signal averaging on a 750 MHz 
instrument using a 4mm HXY probe. The data were acquired with the receiver in an 
analog mode to minimize baseline artifacts at the large sweepwidths. 
	  
5.6.3. Data Analysis  
An example of a region of the 2D DARR spectrum is shown below in Figure 5.15 
together with the sideband profile for E71 extracted from the data. The center band and 
sidebands of the peaks of interest were picked using our assignments of E71 and D80. 
Additionally two other “control” peaks were used to validate our method on KcsA. E51, 
a solvent exposed, and definitely deprotonated carboxyl and the backbone carbonyl of 
A32 which is a classical alpha-helical alanine. Both the intensity and the integral of the 
peak were computed using both Sparky and NMRDraw to get a sense of the error. 
These values were all in good agreement with each other. The peak intensities were fit 
in SPINEVOLUTION34 to extract the asymmetry and anisotropy parameters of the 
chemical shift tensors. The fitting routine was validated by performing the same 
experiment on the carboxyl group of crystalline glycine to extract its chemical shift 
tensor (CST). Additionally the CST parameters extracted for the backbone carbonyl 
group of A32 agree very well with previous measurements of helical alanine CSTs.28 
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Errors in the CST were determined by evaluating the fit using a T-distribution at the 
95% confidence level.  
 
 
Figure 5. 15. A section of the slow-MAS CC2D spectrum of KcsA is shown. The center 
band (0) and the sidebands (+2,+1,-1,-2) for four residues E71, D80, A32 and E51 are 
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6. KcsA biochemistry, sample 
optimization and sample validation 
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6.1. Protein Production 
The preparation protocols for isotope labeled KcsA presented here were adapted from 
Dr. Lin Tian’s PhD thesis and from biochemistry protocols from Crina Nimigean’s lab. 
 
6.1.1. Plasmids 
We tried two plasmids encoding KcsA (primary accession number P0A334 in the 
Uniprot/Swiss-Prot databank). Plasmid 1 was a gift from the group of Rod Mackinnon 
at Rockefeller University. The plasmid encodes the KcsA sequence with a mutation at 
the second residue (P2A) and a deletion of the last two carboxyl terminal arginines. The 
gene was engineered such that the hexa-histidine tag was included at the carboxyl 
terminus of the protein and was cloned for over-expression into a PQE-60 vector. This 
plasmid was sequenced using the primer 5’ TGGTCAAACTGCTGCTCG from 
Invitrogen. Plasmid 2 was a gift from the group of Crina Nimigean at Weill Cornell 
Medical School. This plasmid encodes full-length wildtype KcsA with an N-terminal 
hexa-histidine tag. The gene was cloned into the PASK90 vector system. The plasmid 
was sequenced using the primer 5’ GCTTGCTCGTCT GGTTAAGTTG also from 
Invitrogen. We found that isotope labeled protein expression using plasmid 2 was 





6.1.2. Protein Expression 
The two plasmids require different cell-lines for optimal expression. Plasmid 1 was 
optimal with E. coli M15 cells and plasmid 2 was optimal with E. coli JM83 cells. The 
difference between these two cell lines is that JM83 is auxotrophic for proline, so proline 
needs to be supplemented in the minimum media for the cells to survive. The PQE-
60/M15 expression system is induced with isopropyl-1-thio-beta-D-galactopyranoside 
(IPTG) and the plasmid encodes both ampicillin and kanamycin resistance. The 
PASK90/JM-83 system is induced with anhydrotetracyclin (aTC) and the plasmid 
contains only ampicillin resistance. The protocols are otherwise identical. 
Isotopic protein expression was always started with a fresh transformation of the 
plasmid into competent cells prepared using the standard protocol described in the 
Qiagen manual. The most common reasons for failed transformations were old 
competent cells, a badly calibrated heat-bath or a heat-shock that was too long.  
Competent cells were prepared and stored at -80∘C for 6-8 months for optimal yield. The 
transformed cells were grown on LB (Luria Broth)-Agar plates with the requisite 
antibiotic (100 mg/ml Ampicillin, 25 mg/ml Kanamycin for plasmid 1 and 100 mg/ml 
Ampicillin for plasmid 2). The plates were incubated at 37∘C for 6-8 hours.  
Single colonies were picked and transferred into a 4x 10 ml LB pre-culture with 
the appropriate antibiotic. The pre-culture was incubated at 37∘C and 250 rpm shaking 
for 3-4 hours or until the OD600 (optical density at 600 nm) is ~0.5. The pre-culture was 
then transferred into 4 flasks with 4 liters of LB and incubated at same conditions of 
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temperature and shaking. OD600 was monitored every hour for 3-4 hours or until it 
reached ~0.9. The cells were then harvested by centrifugation at 8000 rpm for 20 mins at 
4∘C and resuspended in 1L of M9 minimum media1 (recipe in Appendix 6) 
supplemented with 2 g of 13C-labelled glucose, 0.5 g of 15N-labelled NH4Cl, 10 ml of 13C-
15N labeled Bioexpress (Cambridge Isotopes # CGM-1000-CDN-50S) and 1 g proline in 
the case of plasmid 2. Due to the 4X concentration from LB to M9, the OD600 of the M9 
solution is typically much higher than 2 and it needs to be diluted in order to be 
measured by UV. Cells were allowed to grow for 1 hour in the M9 media and then 
protein expression was induced using 1 mM IPTG for plasmid 1 or 1 mM aTC (from 
Cayman Chemicals #10009542) for plasmid 2. After induction, the cells were allowed to 
grow for 12-14 hours (overnight) at 37∘C and then harvested by centrifugation at 5700G 
for 20 mins at 4∘C and stored at -80∘C. Typically 22-25 g of cells were harvested per liter 
of M9. 
 
6.1.3. Protein Purification   
The cells were thawed by leaving them in an ice-water bath for 30 mins and then lysed 
using 2-3 passages through a French Press at 12,000 psi. After lysis the cells acquire a 
darker color. Approximately 1 g of Decyl-β-Maltopyranoside (DM, from Affymetrix 
#D310S) was added for every 10 g of cells and the lysate is incubated on a shaker at 4∘C 
for at least 4 hours. The Unlysed cells and membranes were pelleted by centrifugation 
at 20,000 rpm for 45 mins at 4∘C. The bright yellow supernatant was carefully pipetted 
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out and loaded onto a Nickel column pre-equilibrated with 50 mM Tris, 150 mM KCl, 
10 mM DM, pH 7.5 buffer for purification. After loading, the column was washed with 
at least 3 column volumes of buffer containing 50 mM imidazole to remove non-specific 
binding. The washing was stopped when the yellow colored protein was no longer 
visible in the flow through. KcsA was then eluted with 150 mM imidazole and checked 
using gel electrophoresis. A typical acrylamide gel is shown in Figure 6. 1. KcsA is 
stable as a tetramer in SDS and observed as a clean band on an acrylamide gel. The 
imidazole buffer was replaced with a buffer containing 50 mM Tris, 150 mM KCl, 2 mM 
DM using an Amicon concentrator with a 10,000 KDa molecular weight cutoff. The final 
concentration of DM is much higher than 10 mM because DM micelles do not penetrate 
the filter.  The concentrated protein solution was then dialyzed against a 5 mM DM 
solution to reduce the detergent concentration. The KcsA yield was quantified by UV 
absorption at 280 nm using the published extinction coefficient2 of 33570 M-1cm-1. A 
typical UV spectrum of pure KcsA solubilized in DM is shown in Figure 6. 1 Using this 
protocol we are routinely able to make ~ 40 mg of U-[13C]-[15N]-KcsA per liter of M9 or 
10 mg of KcsA per liter of LB. KcsA is stable as a tetramer when stored at a 1-2 mg/ml 
concentration in 5-10 mM DM at 4∘C for 3-4 months. For longer periods it was 






6.2. Reconstitution into liposomes 
The U-[13C]-[15N]-KcsA was reconstituted into 9:1 DOPE/DOPS liposomes. DOPE  (18:1 
PE, 1,2-Dioleoyl-sn-Glycero-3-Phosphoethanolamine, Avanti # 850725) has a 
zwitterionic headgroup and DOPS (18:1 PS, 1,2-Dioleoyl-sn-Glycero-3-[Phospho-L-
Serine], Avanti # 840035) has an anionic headgroup. Anionic lipids are known to be 
important for KcsA function.48 DOPE/DOPS mixtures were prepared with a lipid: lipid 
weight ratio of 9:1. The chloroform was evaporated under nitrogen and the lipids were 
Figure 6. 1. In (A) an SDS –PAGE analysis of KcsA during purification is shown. The 
lanes correspond to 1- marker 2- supernatant from cell lysis, 3,4 – consecutive 50 mM 
imidazole washes, 5,6 - 100 mM imidazole elution 7- 150 mM imidazole elution, 8- 200 
mM imidazole elution, 9- 250 mM imidazole elution, 10- pure KcsA standard. The band 
around 50 KDa is the KcsA tetramer. Weak bands at ~100 KDa and ~20 KDa correspond 
to octamers and monomers respectively. In (B) a typical UV spectrum of a pure KcsA 
solution is shown. Three characteristic features on the UV spectrum at 275, 280 and 290 
nm are marked which are used as qualitative indicators of KcsA. 
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resuspended in 50 mM KCl, 50 mM Tris, 0.01 mM sodium azide, 10 mM DM, pH=7.5 
buffer to a total lipid concentration of 10 mg/ml. The lipid solution was then added to 
the desired amount of KcsA in DM such that the protein : lipid weight ratio was 1:1, this 
leads to a protein: lipid molecular ratio of ~ 1:100 and ensures that there is a layer of 
lipids surrounding each tetramer of KcsA. The mixture was diluted ~5-10X to around 
the critical micelle concentration of DM (1.8 mM) with a 50 mM Tris/150 mM KCl 
buffer at pH=7.5 and dialyzed against a 50 mM Tris/150 KCl buffer at pH=7.5 using a 
dialysis membrane with a MW cut-off of 12,000-14,000 KDa. The detailed kinetics of the 
detergent dialysis are described in the next section. The KcsA-DOPE/DOPS 
proteoliposomes precipitate within 12-14 hours and are visible as a cloudy white 
precipitate inside the dialysis tube. Typically 3-4 buffer exchanges were necessary to get 
optimal yields. The liposome pellet was then harvested by spinning at 6000 rpm for 30 
mins. UV-Vis spectra of the supernatant were acquired to check for any residual 
protein, which was typically negligible. Pellet volumes for 10 mg lipid, and 10 mg 
protein were typically ~ 50-70 µl due to excess water in the liposomes. The pellets were 
then subject to a -80∘C overnight freeze-thaw cycle to remove excess bulk water, which 
reduced the volume to ~ 30-40 µl.  
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6.3. Optimization of the Detergent Dialysis 
This work was done in collaboration with Devante Bledsoe.  
6.3.1. Why quantify the rate of detergent dialysis? 
Detergents are necessary reagents for biochemical and structural studies of membrane 
proteins.3,4 The identity and concentration of detergent in a membrane protein sample is 
known to have critical effects on membrane protein stability, proper function, and 
potential for crystallography and NMR.5–7 Detergents differ from biological lipids in 
that they self-assemble into relatively small, well-defined assemblies called micelles. 
The minimum concentration required for the formation of micelles is called the critical 
micelle concentration or CMC. Many standard protocols for membrane protein 
preparation involve adding or exchanging detergents via dialysis.8 During the 
preparation of protein-liposome samples, membrane proteins are typically extracted 
using detergent concentrations of 0.5-2.0%9 and then introduced into liposomes by 
adding lipid to the protein-detergent solution and removing the detergent.10–12 
Detergents are generally removed either by dialysis or by using a gel filtration column. 
The kinetics of this dialysis is dependent on many different factors including the 
temperature, the salt concentration of the buffer and the CMC of the detergent. 
Exchanging out a detergent completely can therefore take anywhere from a few hours 
to several days. To our knowledge, there is no standard protocol to monitor the 




Detergents are critical reagents in membrane protein biochemistry, and there are 
many published methods to measure the concentration of detergent in a solution. Some 
of these include: measuring the contact angle of a drop of solution to a plate13, using a 
biochemical assay to quantify the sugar in the headgroup14, measuring the refractive 
index of a solution15, using a Coomassie dye and measuring the bubble pressure16, 
using gas chromatography17,18 and using FTIR19. However, many of these methods are 
either destructive to the sample, or require specialized equipment that is not easily 
accessible to a standard biochemical or biophysical lab. In this paper, we present a 
simple 1D 1H NMR based method to measure the rate of dialysis of commonly used 
biological detergents across semi-permeable membranes. 1H NMR has previously been 
used to characterize membrane protein-detergents complexes and to measure 
concentration factors of detergents during preparative centrifugation4. We use it as an 
analytical tool that can be easily implemented on a low-field NMR instrument while 
optimizing protocols for a variety of membrane protein preparations. It has been 
especially helpful to us in the preparation of reliable membrane-protein-liposome 
samples for solid-state NMR. We show that monitoring the detergent kinetics during 
the dialysis process is important in order to get the maximum liposome yield and to 
ensure that the samples do not contain large amounts of residual detergent. Residual 
detergent could potentially affect the structure and function of the embedded 




6.3.2. Calibration of the 1H NMR signal 
Analytical grade detergents Dodecyl-β-Maltopyranoside and Foscholine 11 were 
purchased from Anatrace. Sodium dodecyl sulfate (SDS) was purchased from Sigma 
Aldrich. The detergents were used without further purification. For each detergent, a 
calibration curve was created by preparing solutions covering a range of concentrations 
between 50 mM and 0.1 mM. A typical calibration curve is shown in Figure 1. 
Additional calibration curves are shown in the supplementary figures S1. The 1H NMR 
peak intensities showed a linear dependence with detergent concentration, which could 
then be used to determine the concentration of an unknown solution. The calibration 
curves vary depending on the identity of the detergent and need to be measured 
separately for each detergent. The calibration curve was then used to measure the rate 





Figure 6. 2. Panel A shows an overlay of 1H NMR spectra of detergents at various 
concentrations. The peak at ~ 1.2 ppm, assigned to the methylene groups in the 
hydrophobic chain of the detergents, scales well with the concentration and was used to 
calibrate the detergent concentration. This peak can also be used to determine the 
detergent concentration in a solution with protein. 1H NMR calibration curves for 3 
different detergents are shown: DM (panel B), Fos-11 (Panel C) and SDS (Panel D). 
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6.3.3. 1H NMR experiments 
Standard 1H 1D spectra were collected for all samples on a Bruker 400 MHz instrument 
equipped with a 5mm triple channel probe. 10% D2O was added to all samples in order 
to lock the NMR frequencies. A low power (10 KHz) pre-saturation pulse was applied 
on resonance with the water signal to suppress it. The water suppression achieved by 
this method was sufficient for our purposes. Typically 64-256 scans were collected on 
each the sample with a 2s pulse delay. We were able to accurately measure signals 
down to ~0.1 mM quantitatively based on the data. All spectra were referenced 
externally to DSS. Data were processed with Topspin 2.1. The peak used for all the 
studies corresponds to the -CH2 protons from the hydrophobic tail of the molecule. Both 
the peak intensity and the integrated area were used to prepare the calibration curves 
and since there was no significant difference between them, we used the intensity. 
 
6.3.4. Monitoring the rate of dialysis 
To measure the rate of dialysis of a detergent across a dialysis membrane, a 
concentrated solution of detergent was placed inside a dialysis tube of fixed length and 
dialyzed against deionized water or an appropriate buffer.  Standard dialysis apparatus 
was set up using semi-permeable dialysis membranes obtained from Spectrum Labs. 
All tubing used in this study had a 12,000-14,000 kDa molecular weight cutoff was 1” 
wide and 15” long. This MW cutoff is well above the size of a detergent monomer for all 
three detergents in this study, and smaller than the protein-detergent micelles. The 
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initial concentrations of the solutions were altered as required, but the initial volume of 
the detergent solution inside the tube was always kept at 20 ml. The ends of the tubes 
were closed with clips. 600 µl aliquots were collected from inside and outside the tube 
at particular times intervals for NMR measurement. The dialyses were allowed to reach 
completion over 3 days and the equilibrium state was monitored by measuring identical 
concentrations of the detergent both inside and outside the tube. The relative NMR 
intensities extracted from the spectra were plotted against time and fit to a simple 
monoexponential of the form y0 + Ae-t/T to extract a characteristic time constant for the 
process. The χ2 statistic was used to monitor the quality of the fits. A table of fitting 
parameters and statistics for each dialysis run is shown in the supplement in Table 6. 1. 
Most of the traces fit well to a mono-exponential description. We suspect that a more 
complex model would probably describe some of the traces more accurately, especially 
when the initial detergent concentration is much higher than the CMC, but for the 













6.3.5. Typical Rate constants for detergent dialysis 
We tracked the concentration dependent dialysis profile for three commonly used 
detergents – SDS, DM and Fos-11. For each of these detergents, we obtained the 
monoexponential decay constant characterizing the dialysis for a variety of different 
initial concentrations – both below and above the reported critical micellar 
concentration. The dialysis tube surface area and the pore size were kept constant 






Figure 6. 3. Monoexponential fits of DM dialyses tracked by 1H NMR. Its CMC at room 
temperature in deionized water is ~1.8 mM. Three different dialysis profiles are shown. 
When the initial detergent concentration is much greater than the CMC (5 mM), when it 
is of the order of the CMC (1.8 mM) and when it was much lower than the CMC (~0.625 
mM). The data show that the detergent dialysis rate is much faster when the initial 



















but it is well known that a larger pore size and a larger surface area both facilitate faster 
dialysis. Typical monoexponential fits for the detergent DM is shown in figure 2. All the 
remaining fits are shown in the supplement. The measured rate constants for all three 
detergents are summarized in Table 1. At room temperature, it is clear that the rate of 
detergent dialysis is dependent on the initial concentration of the detergent – the higher 
the initial concentration, the slower the process. This is probably because the pores in 
the dialysis tubing (12,000-14,000 KDa) allow only the monomeric detergent to dialyze 
out. When the detergent concentration is above the CMC, there is an additional 
equilibrium between the micelle and the monomer form of the detergent that reduces 
the effective population of monomers present inside the tube and slows down the 
overall detergent dialysis process. Thus, for any given detergent, to maximize the rate 
of dialysis the solution inside the tube should be at a concentration close to or lower 



















SDS 50  4.82 ± 0.28 8 – 9 mM 25°C / RT 
SDS 25  2.22 ± 0.04 8 – 9 mM 25°C / RT 
SDS 8.3 2.58 ± 0.25 8 – 9 mM 25°C / RT 
SDS 6.25 2.94 ± 0.36 8 – 9 mM 25°C / RT 
SDS 3.125 4.22 ± 0.15 8 – 9 mM 25°C / RT 
Fos-11 20 3.77 ± 0.03 4 – 5 mM 25°C / RT 
Fos-11 10 2.21 ± 0.31 4 – 5 mM 25°C / RT 
Fos-11 4.85 2.36 ± 0.08 4 – 5 mM 25°C / RT 
Fos-11 2.5 2.35 ± 0.17 4 – 5 mM 25°C / RT 
DM 10 8.15 ± 0.85 1.8 – 2 mM 25°C / RT 
DM 5 2.09 ± 0.07 1.8 – 2 mM 25°C / RT 
DM 1.8 3.3 ± 0.2 1.8 – 2 mM 25°C / RT 
DM 0.625 1.82 ± 0.02 1.8 – 2 mM 25°C / RT 
DM 0.325 3.22 ± 0.23 1.8 – 2 mM 25°C / RT 
 
*The range of CMCs reported in the literature20 in pure water at room temperature (RT)  
Table 6. 1. The characteristic time constant for detergents to dialyze out of a 12,000-
14,000 MW semi-permeable membrane, as determined by fitting the dialysis profiles of 
different detergents to monoexponential decay functions is shown. A series of initial 
concentrations both above and below the CMC was used for each of the three 
detergents- SDS, DM and Fos-11. The data show that the initial concentration of the 
detergents affects the rate at which they dialyze, in that generally at concentration much 






6.3.6. Tracking the time course of the liposome pellet yield 
Standard protocols described above for dialysis based membrane protein reconstitution 
were used to produce proteoliposomes with the model potassium channel, KcsA, 
embedded inside lipid bilayers. Four identical dialyses were set up and terminated 
sequentially to track the detergent concentration, the residual lipid in the supernatent 
and the mass of the liposome pellet as a function of time. For each experiment ~3 mg of 
the protein solubilized in ~20 mM dodecyl β- maltopyranoside (DM) was mixed with  
~12 mg of lipids containing a 9:1 weight ratio of DOPE (18:1 PE; Avanti Lipids) and 
DOPS (18:1 PS ; Avanti Lipids) with 10% fluorescently labeled DOPE (18:1; 1,2-

































































Concentration depependence of the dialysis monoexponential rate constant 
Foscholine 11  DM SDS 
Figure 6. 4. A plot of the monoexponential dialysis time constant as a function of the 
initial concentration of the detergent shows that there is an acceleration in the dialysis 
rate right around the CMC of the detergent.  
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(ammonium salt), ; Avanti Lipids). The fluorescence of the labeled lipid was 
independently calibrated by measuring its UV absorption at 580 nm. The protein-lipid-
detergent mixture was placed inside a dialysis tube and that the total initial volume was 
20ml. 1L of buffer (50 mM Tris, 150 mM KCl, pH 7.5) was placed outside the dialysis 
tubing. The four parallel dialyses were stopped after 3 hrs, 24 hrs, 52 hrs + 1 buffer 
exchange and 75 hrs + 2 buffer exchanges respectively. At each time point, the 
liposomes inside the tube were collected by centrifugation at 16,000 rpm for 30 mins. 
The pellet was weighed and the residual lipid in the supernatent was tracked by its UV 
absorbance at 580 nm. The protein concentration was determined using the UV 
absorption at 280 nm and the reported extinction coefficient for KcsA. [REF] This 
process was repeated twice – once with the initial detergent concentration at 10 mM i.e 
above the CMC of DM and the second time with the initial detergent concentration 
right around the CMC of DM ~1.5 mM. 
	  
6.3.7. Maximizing proteoliposome yields 
Detergent dialysis is often used to prepare membrane protein liposome samples for 
NMR. In this case, the lipid, protein and detergent are initially mixed and the detergent 
is slowly dialyzed out allowing the protein to associate with the lipids to form 
proteoliposomes. The formation of these protein-embedded liposome precipitate is 
coupled to removal of the detergent from the dialysis chamber.6 Depending on the 
identity and initial concentration of the detergent, this process can take anywhere from 
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a few hours to a few days and is typically one of the slowest steps in membrane protein 
sample preparation for solid-state NMR. For many membrane proteins that are 
unstable, this long process can compromise the viability of the sample for NMR studies. 
We wanted to explore techniques to rationally speed up this process and to make it 
more reliable and efficient. Our results on the concentration dependence of detergent 
dialysis suggested that diluting the initial protein-lipid-detergent mixture so that the 
detergent concentration is of the order of its CMC, could help speed up the process. 
Therefore we compared two cases of proteoliposome formation with the model 
membrane protein KcsA. These are shown in Figure 6. 5 – In one experiment 
(highlighted in red), the initial DM concentration in the protein-lipid-detergent mixture 
was left at ~ 10 mM without dilution. In the second experiment (grey), the initial 
detergent concentration was diluted down to ~1.5 mM, which is around the CMC of 
DM. In both cases four replicate dialyses were set up and terminated at different times – 
3 hours, 24 hours, 52 hours and 75 hours. The liposome pellet yield was determined in 
each case by measuring its mass.  Additionally, we used a fluorescently labeled lipid to 
track residual lipid in the supernatant as a function of the dialysis time. Figure 3A 
shows that the mass of the liposome pellet, which is a proxy for the proteoliposome 
yield, increases as a function of dialysis time, however it increases at the different rate 
depending on the initial concentration of the DM.  When the initial detergent 
concentration is higher than the CMC, proteoliposome formation takes ~2 days. When 
the protein-lipid-detergent solution is diluted to ~CMC of the detergent, the 
proteoliposome pellet begins to form in significant quantities within 12 hours. Based on 
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the previous section, we now understand that the acceleration of this rate is probably 
because dilution increases the population of detergent monomers in the tube, which can 
dialyze out much faster than aggregates or micelles. We would like to note that it is 
often the case that the precipitated proteoliposomes clog the dialysis pores and reduce 
the rate of dialysis. These can be seen as a thin translucent film on the inside of the 
dialysis tube and needs to be gently dislodged on a periodic basis for best results. 
Measurements of the residual lipid fluorescence in the proteoliposome 
supernatant (Figure 6. 5), showed that the initial concentration of the detergent also 
affects the kinetics of how much of the lipid gets incorporated into the pellet. This is a 
surprising result, but it again reiterates the idea that diluting the initial mixture down to 
around the CMC of the detergent maximizes proteoliposome yield. An interesting 
sidenote is that in both cases – diluted and undiluted - even after 3 days and 2 buffer 
exchanges, not all of the added lipid had been incorporated into the proteoliposome 
pellet. This suggests that depending on when the pellet is harvested, the lipid to protein 
ratio can vary significantly. Since the lipid to protein ratio can be important for proper 
membrane protein reconstitution, and the optimal lipid to protein ratio can vary for 
different membrane proteins, we suggest that the optimal dialysis time required be 
characterized on a case-by-case basis. Our results on the model membrane protein KcsA 
show that stopping the dialysis before it is complete can reduce the amount of protein 




















































Figure 6. 5. Panel A compares two experiments to prepare proteoliposomes by dialysis 
and tracks the mass of the protein-liposome pellet harvested at different times as the 
dialysis progressed. In one experiment (shown in red), the initial detergent 
concentration is left at ~ 10 mM without dilution. In the second experiment (grey), the 
initial detergent concentration is diluted down to ~1.5 mM, which is around the CMC of 
DM. The vertical dotted lines indicate buffer exchanges. These data show that diluting 
the initial detergent concentration down to around the CMC increases the speed of the 
proteoliposome precipitation. The error bars reflect the precision of the balance used to 
measure the mass of the pellet. Panel B shows the residual lipid in the supernatant 
above the proteoliposome pellet that was tracked using the UV absorbance of a 
fluorescently labeled DOPE lipid at 580 nm. The relative amount of residual lipid 
detected at different times in the case of both the diluted (grey) and the undiluted (red) 
experiment. The data show that lipid incorporation into the pellet follows a different 
pattern depending on the initial concentration of the detergent. If the dialysis is 
terminated prematurely, it affects both the proteoliposome yield and the final lipid to 
protein ratio in the pellet. The error bars in (B) reflect the error in using a calibration 





6.4. Functional Validation 
6.4.1. Cryo-EM 
The presence of liposomes with lipid bilayers was checked using Cryo-EM imaging of a 
proteoliposome suspension diluted to ~ 50 µg/ml with deionized water and imaged at 
the New York Structural Biology Center by Dr. Ruben Diaz Avaloz. The images are 
shown in the panels below. 
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6.4.2. Electrophysiological Measurements 
In order to check whether our protein preparation yielded functioning K+ channels and 
whether their function was affected by magic angle spinning and radio-frequency 
irradiation during NMR, we made bilayer measurements of U-13C-15N-labelled KcsA 
before and after a 2 weeks of continuous data collection on the 750 MHz magnet. The 
bilayer measurements were made by Ameer Thompson in Crina Nimigean’s laboratory 
using a 1:100 ratio of protein to lipid and were made in 3:1 POPE: POPG bilayers. The 
results, shown below demonstrate that KcsA retains function and selectivity after 




Figure 6. 6. Electrophysiology results from U-13C-15N-KcsA(U-KcsA) channels after 
solid-state NMR.  The ssNMR sample was was reconstituted into 3POPE:1POPG 
liposomes and diluted until the lipid:protein ratio was ~100:1. Currents were recorded 
in symmetrical 100 mM K+ with pH of 7 and 4 on either side of the bilayer. (A) shows a 
single channel trace of KcsA a at 100 mV. Traces were low pass filtered at 500 Hz. (B) 
shows a current-voltage curve for U-KcsA and WT KcsA together with a control curve 















U-KcsA 100 mMK+ 10mM intracellular Na
WT KcsA100mMK
WTKcsA100mMK +10 mM intracellular Na
a
b
Figure 1. U KcsA electrophysiology results.  Channels were reconstituted into 
3POPE:1POPG liposomes. Currents were recorded in symmetrical 100 mM K. a) Single 
channel trace of U KcsA at 100 mV. Traces were low pass filtered at 500 Hz.   b)Current-
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U 13C-15N KcsA, 50 mM KCl, 50 mM Tris, pH = 7.5 in 9:1 DOPE/DOPS bilayers 
Group Atom Nucleus Chemical Shift Std. Dev Assignments 
      
G21 CA 13C 47.1 0.1 5 
G21 CO 13C 175.7 0.1 4 
G21 N 15N 109.1 0.1 2 
S22 CA 13C 64.5 0.1 13 
S22 CB 13C 63.4 0.2 10 
S22 CO 13C 174.5 0.1 6 
S22 N 15N 113.7 0.2 9 
a23 CA 13C 55.2 0.1 4 
a23 CB 13C 19.7 0.2 4 
A23 CO 13C 178.4 0.0 2 
A23 N 15N 118.3 0.1 7 
l24 CA 13C 58.3 0.0 1 
l24 CB 13C 42.0 0.0 2 
l24 N 15N 119.2 0.1 4 
A28 CA 13C 55.2 0.1 5 
A28 CB 13C 19.8 0.0 2 
A28 CO 13C 178.2 0.1 3 
A28 N 15N 119.6 0.0 3 
A29 CA 13C 54.7 0.3 7 
A29 CB 13C 19.2 0.1 2 
A29 CO 13C 180.0 0.1 6 
A29 N 15N 118.6 0.0 5 
G30 CA 13C 47.3 0.3 11 
G30 CO 13C 175.6 0.3 7 
G30 N 15N 108.1 0.1 10 
A31 CA 13C 55.7 0.3 7 
A31 CB 13C 20.5 0.1 4 
A31 CO 13C 179.2 0.3 3 
A31 N 15N 118.4 0.2 4 
A32 CA 13C 55.3 0.1 12 
A32 CB 13C 16.2 0.1 13 
A32 CO 13C 177.7 0.2 8 
A32 N 15N 116.5 0.0 5 
T33 CA 13C 67.6 0.1 4 
T33 CB 13C 68.1 0.2 6 
T33 CG 13C 20.3 0.0 3 
T33 CO 13C 176.4 0.3 5 
Appendix 1 – Chemical Shift Assignment 
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Group Atom Nucleus Chemical Shift Std. Dev Assignments 
T33 N 15N 112.3 0.1 12 
V34 CA 13C 67.7 0.1 8 
V34 CB 13C 31.6 0.0 2 
V34 CG1 13C 23.8 0.1 4 
V34 CG2 13C 22.0 0.0 2 
V34 CO 13C 178.0 0.1 5 
V34 N 15N 120.2 0.1 9 
L35 CA 13C 58.8 0.0 2 
L35 CB 13C 40.8 0.0 2 
L35 CG 13C 26.2 0.0 1 
L35 N 15N 117.9 0.1 9 
l36 CA 13C 55.6 0.0 1 
l36 CB 13C 41.7 0.0 1 
l36 CD 13C 24.0 0.0 1 
l36 CG 13C 26.8 0.0 1 
l36 CO 13C 178.3 0.2 6 
v37 CA 13C 67.6 0.1 9 
v37 CB 13C 31.4 0.0 6 
v37 CG1 13C 23.4 0.0 5 
v37 CG2 13C 21.9 0.0 7 
v37 CO 13C 177.7 0.0 4 
v37 N 15N 117.8 0.0 8 
I38 CA 13C 66.2 0.1 17 
I38 CB 13C 37.6 0.1 27 
I38 CD 13C 13.7 0.2 12 
I38 CG1 13C 29.3 0.1 12 
I38 CG2 13C 17.0 0.1 21 
I38 CO 13C 177.5 0.1 6 
I38 N 15N 116.5 0.2 14 
v39 CA 13C 67.6 0.1 6 
v39 CB 13C 31.5 0.1 6 
v39 CG1 13C 23.8 0.1 5 
v39 CG2 13C 21.7 0.1 4 
v39 CO 13C 179.1 0.1 5 
v39 N 15N 119.0 0.1 9 
l40 N 15N 117.5 0.0 3 
l41 CB 13C 41.7 0.0 1 
l41 CD 13C 24.0 0.0 1 
l41 CG 13C 26.8 0.0 1 
l41 CO 13C 178.1 0.1 5 
A42 CA 13C 55.5 0.1 4 
A42 CB 13C 18.6 0.1 3 
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Group Atom Nucleus Chemical Shift Std. Dev Assignments 
A42 CO 13C 180.7 0.1 6 
A42 N 15N 117.4 0.0 6 
G43 CA 13C 46.4 0.1 7 
G43 CO 13C 176.2 0.2 6 
G43 N 15N 106.0 0.2 10 
S44 CA 13C 61.1 0.1 5 
S44 CB 13C 62.9 0.1 10 
S44 CO 13C 176 0.1 5 
S44 N 15N 120.7 0.1 8 
Y45 CA 13C 58.3 0.1 4 
Y45 CB 13C 41.3 0.2 2 
Y45 CO 13C 178.4 0.2 4 
y45 N 15N 122.4 0.1 7 
l46 N 15N 117.2 0.0 2 
l49 CB 13C 41.5 0.0 1 
l49 CG 13C 26.9 0.0 1 
l49 CO 13C 178.1 0.0 2 
A50 CA 13C 55.6 0.2 7 
A50 CB 13C 17.9 0.0 4 
A50 CO 13C 178.2 0.0 3 
A50 N 15N 117.7 0.0 5 
E51 CA 13C 57.8 0.1 11 
E51 CB 13C 31.1 0.1 14 
E51 CD 13C 183.5 0.1 12 
E51 CG 13C 38.4 0.2 14 
E51 CO 13C 176.6 0.1 6 
E51 N 15N 114.7 0.2 7 
r52 CA 13C 57.6 0.0 3 
r52 CB 13C 27.1 0.0 1 
r52 CD 13C 42.0 0.0 1 
r52 CG 13C 26.3 0.0 1 
R52 N 15N 114.8 0.0 8 
g53 CA 13C 47.8 0.1 6 
g53 CO 13C 174.8 0.0 3 
g53 N 15N 106.4 0.3 4 
A54 CA 13C 50.2 0.1 2 
A54 CB 13C 17.9 0.1 6 
a54 N 15N 122.0 0.1 3 
P55 CA 13C 63.7 0.11 6 
P55 CB 13C 31.4 0.0 3 
P55 CD 13C 50.1 0.2 11 
P55 CG 13C 27.8 0.1 5 
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Group Atom Nucleus Chemical Shift Std. Dev Assignments 
P55 CO 13C 178.8 0.0 1 
P55 N 15N 138.0 0.1 2 
G56 CA 13C 44.9 0.2 8 
G56 CO 13C 173.8 0.1 6 
G56 N 15N 110.8 0.3 10 
A57 CA 13C 53.5 0.2 7 
A57 CB 13C 21.3 0.1 5 
a57 CO 13C 178.6 0.6 4 
A57 N 15N 121.9 0.2 5 
L59 CA 13C 53.3 0.2 15 
L59 CB 13C 39.3 0.1 10 
L59 CD 13C 24.8 0.0 3 
l59 CG 13C 25.1 0.8 8 
l59 CG1 13C 24.7 0.0 1 
L59 CO 13C 174.8 0.0 1 
L59 N 15N 124.8 0.1 8 
I60 CA 13C 61.3 0.0 3 
I60 CB 13C 38.6 0.1 17 
I60 CD 13C 13.8 0.4 12 
I60 CG1 13C 25.8 0.1 15 
I60 CG2 13C 17.7 0.1 14 
i60 CO 13C 176 0.0 1 
I60 N 15N 104.0 0.4 4 
T61 CA 13C 58.7 0.1 20 
T61 CB 13C 71.9 0.1 15 
T61 CG 13C 22.5 0.1 15 
T61 CO 13C 173.2 0.2 10 
T61 N 15N 108.6 0.2 7 
Y62 CA 13C 64.0 0.1 8 
Y62 CB 13C 36.3 0.2 4 
Y62 CO 13C 173.5 0.0 1 
Y62 N 15N 122.4 0.2 8 
P63 CA 13C 67.0 0.3 14 
P63 CB 13C 31.3 0.0 6 
P63 CD 13C 50.0 0.1 13 
P63 CG 13C 29.4 0.1 8 
a65 CA 13C 55.7 0.0 1 
a65 CB 13C 17.8 0.0 1 
a65 CO 13C 178.1 0.1 4 
l66 CA 13C 57.8 0.0 2 
l66 CB 13C 41.8 0.1 4 
l66 CG 13C 26.9 0.0 3 
  - V - 
l66 CO 13C 178.2 0.0 2 
l66 N 15N 114.9 0.1 7 
W67 CA 13C 59.7 0.2 7 
W67 CB 13C 28.8 0.4 7 
W67 CD1 13C 128.7 0.1 4 
W67 CG1 13C 110 0.3 5 
W67 CO 13C 176.2 0.0 1 
W67 N 15N 117.9 0.2 7 
W68 N 15N 117.8 0.0 1 
S69 CA 13C 62.9 0.1 3 
S69 CB 13C 61.1 0.1 3 
S69 CO 13C 176.0 0.0 2 
S69 N 15N 120.8 0.0 2 
V70 CA 13C 67.5 0.2 5 
V70 CB 13C 31.3 0.1 2 
V70 CG1 13C 22.5 0.1 2 
V70 CO 13C 177.5 0.1 6 
V70 N 15N 122.6 0.0 5 
E71 CA 13C 58.2 0.1 13 
E71 CB 13C 27.3 0.3 6 
E71 CD 13C 182.4 0.2 10 
E71 CG 13C 32.3 0.2 6 
E71 CO 13C 175.6 0.1 3 
E71 N 15N 111.5 0.2 14 
T72 CA 13C 67.2 0.2 7 
T72 CB 13C 68.4 0.4 8 
T72 CG 13C 22.3 0.1 2 
T72 CO 13C 174.6 0.1 6 
T72 N 15N 118.0 0.2 7 
A73 CA 13C 55.3 0.2 7 
A73 CB 13C 18.9 0.1 5 
A73 CO 13C 176.5 0.1 6 
A73 N 15N 123.3 0.2 13 
T74 CA 13C 61.1 0.2 24 
T74 CB 13C 69.7 0.1 19 
T74 CG 13C 21.3 0.1 18 
T74 CO 13C 176.4 0.2 19 
T74 N 15N 97.2 0.3 14 
T75 CA 13C 63.1 0.1 27 
T75 CB 13C 69.2 0.1 20 
T75 CG 13C 21.5 0.1 19 
T75 CO 13C 172.5 0.2 15 
T75 N 15N 109.0 0.3 22 
  - VI - 
V76 CA 13C 66.2 0.1 18 
V76 CB 13C 31.7 0.1 10 
V76 CG1 13C 20.1 0.1 21 
V76 CG2 13C 23.1 0.1 9 
V76 CO 13C 178.9 0.2 12 
V76 N 15N 119.8 0.2 15 
G77 CA 13C 48.7 0.1 8 
G77 CO 13C 174.4 0.1 8 
G77 N 15N 99.1 0.1 15 
Y78 CA 13C 61.6 0.1 15 
Y78 CB 13C 38.3 0.1 16 
Y78 CD 13C 133.0 0.0 1 
Y78 CE 13C 117.3 0.1 2 
Y78 CG 13C 131.3 0.0 1 
Y78 CO 13C 178.0 0.2 11 
Y78 N 15N 114.0 0.1 8 
G79 CA 13C 45.5 0.1 9 
G79 CO 13C 174.4 0.2 8 
G79 N 15N 100.0 0.1 11 
D80 CA 13C 55.5 0.1 10 
D80 CB 13C 37.3 0.1 13 
D80 CG 13C 179.3 0.1 5 
D80 CO 13C 175.5 0.2 9 
D80 N 15N 116.8 0.1 7 
L81 CA 13C 57.9 0.1 4 
L81 CB 13C 42.8 0.1 6 
L81 CD 13C 22.6 0.1 3 
L81 CG 13C 27.0 0.0 2 
L81 CO 13C 180.6 0.1 6 
L81 N 15N 116.4 0.3 8 
Y82 CA 13C 55.5 0.3 9 
Y82 CB 13C 34.6 0.1 6 
Y82 CO 13C 171.7 0.1 4 
y82 N 15N 118.7 0.0 7 
P83 CA 13C 61.3 0.1 22 
P83 CB 13C 32.4 0.1 14 
P83 CD 13C 49.3 0.1 22 
P83 CG 13C 28.0 0.1 14 
P83 N 15N 130.3 0.2 4 
V84 CA 13C 59.9 0.4 6 
V84 CB 13C 32.5 0.1 19 
V84 CG1 13C 18.0 0.1 14 
V84 CG2 13C 21.1 0.1 5 
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V84 CO 13C 176.1 0.2 4 
T85 CA 13C 60.5 0.1 20 
T85 CB 13C 72.5 0.1 18 
T85 CG 13C 22.5 0.2 14 
T85 CO 13C 174.5 0.2 8 
T85 N 15N 115.2 0.1 8 
L86 CA 13C 58.6 0.0 1 
L86 CB 13C 41.6 0.1 6 
L86 CD1 13C 22.4 0.0 2 
L86 CG 13C 27.4 0.1 2 
l86 CO 13C 178.2 0.1 2 
L86 N 15N 121.2 0.1 7 
W87 CA 13C 60.1 0.4 9 
W87 CB 13C 29.0 0.6 4 
W87 CD1 13C 124.8 0.1 4 
W87 CD2 13C 133.0 0.0 1 
W87 CE2 13C 141.3 0.0 1 
W87 CG 13C 114.0 0.0 1 
W87 CG1 13C 113.4 0.1 5 
W87 CO 13C 178.8 0.1 5 
W87 N 15N 117.7 0.2 12 
G88 CA 13C 46.3 0.1 5 
G88 CO 13C 176.3 0.2 3 
G88 N 15N 105.9 0.1 9 
R89 CA 13C 59.7 0.1 2 
R89 CD 13C 44.3 0.0 1 
R89 CG 13C 29.6 0.0 1 
R89 N 15N 120.9 0.4 4 
v93-94 CA 13C 65.6 0.1 4 
v93-94 CB 13C 31.4 0.0 1 
v93-94 CG1 13C 23.2 0.0 1 
v93-94 CG2 13C 21.7 0.0 1 
v93-94 CO 13C 178.4 0.0 1 
v93-94 N 15N 115.3 0.1 4 
v95 CA 13C 67.3 0.2 7 
v95 CB 13C 31.5 0.1 2 
v95 CG1 13C 23.7 0.0 1 
v95 CG2 13C 22.3 0.0 1 
v95 CO 13C 178.8 0.7 5 
v95 N 15N 123.7 0.3 5 
m96 N 15N 123.8 0.0 3 
A98 CA 13C 54.9 0.5 4 
A98 CB 13C 18.9 0.3 2 
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A98 CO 13C 180.0 0.1 4 
G99 CA 13C 47.6 0.4 10 
G99 CO 13C 175.5 0.4 5 
g99 N 15N 107.9 0.1 7 
I100 CB 13C 35.0 0.1 9 
I100 CG1 13C 25.5 0.1 14 
I100 CG2 13C 16.5 0.1 8 
t101 CA 13C 67.5 0.0 1 
t101 CB 13C 68.4 0.0 1 
t101 CO 13C 176.2 0.0 2 
s102 CA 13C 59.9 0.0 1 
s102 CB 13C 62.8 0.1 3 
s102 N 15N 120.4 0.0 4 
v115 CA 13C 63.2 0.0 1 
v115 CO 13C 176.5 0.0 3 
g116 CA 13C 44.8 0.1 4 
g116 CO 13C 174.2 0.1 2 
g116 N 15N 109.3 0.2 6 
E118/120 CB 13C 29.3 0.0 3 
E118/120 CD 13C 183.2 0.1 4 
E118/120 CG 13C 36.4 0.0 5 
Table I. Resonance assignment list of U-13C-15N labeled KcsA in DOPE/DOPS bilayers 
at 50 mM [K+] and pH 7.5. Groups labeled with capitals (Ex. V76) are unambiguous 
assignments. Groups labeled with lower case (Ex. v93) are ambiguous assignments that 
need higher dimensional data to confirm. The standard deviation is calculated using the 
variance across different spectra for the same assignment. 
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   RES Assignment Logic and notes 
   
21 G Is degenerate with G30, but the signal is strong so likely there are 2 peaks 
  Sequential correlation to S22 N but H20 not detected 
   
22 S Key assignment in the stretch. 1 Unique SA pair in sequence 
  Sequential contact to A23 in 3Ds 
  Ca/Cb similar to S69, but CO distinct 
   
23 A Sequential contact to S22 
  Degeneracy at alanine N frequency (many Alas at 118.3) 
  Picked the Ala at 55.4/19.8 b/c of Sequential correlation to L around 119 
   
24 L The nitrogen is clear but the CA and CB are tentative  
  Leucines typically thwart further Sequential contacts 
   
28 A alanine CA/CB are degenerate with other alanines so tentative 
  Sequential ala-ala contacts are v. difficult 
   
29 A Sequential contact to G30 , alanine CA/CB are degenerate with other alanines and therefore tentative 
   
30 G Sequential contact to A31  
   
31 A Sequential contact to A32 and G30 
   
32 A Key assignment in stretch. Obvious AT pair. There are 3AT pairs in the sequence, one is in the filter and eliminated 
  This pair could have been A32-T33 or A11-T112. The 55/16 CS pattern suggests extreme a-helix so A32 
  Also sequential contacts to i-1 from A32 are stronger for ala-ala compared to leu-ala supporting A32 and not A112 
   
33 T Clear a-helical threonine (CA/CB close in CS) + contact to A32 and V34 
   
34 V Contact to T33, only other valines peaked at this N is V76 which is clearly eliminated. 
   
35 L N defined by clear contact in NCOCX to CG1/CG2 of V34 
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  CA, CB etc tentative like all other leucine assignments, CO impossible to guess 
  Sequential contact to L36 not possible due to congestion 
   
36 L Sequential contact to V37 in NCOCX 
   
37 V Sequential contact to I38 
   
38 I Key assignment in this stretch. Only 3 Is in sequence. Unique VI pair 
  i-1 contact could be LI or VI, but VI is much stronger intensity than LI 
  38 is also resolved on the CC2D and was previously assigned by Lin 
   
39 V Degenerate with V37, but that is expected 
  Sequential contact to I38 and to L40 N 
   
40 L N is clear due to Sequential contact with V39 
  40-41 is an LL pair which is again impossible due to congestion 
   
41 L Sequential contact to A42 on NCOCX, too much congestion to get N and CA 
   
42 A Sequential contact o G43 
   
43 G Sequential contact to S44 and A42, CA similar to G88 
   
44 S Key assignment in this region. 2GS pairs of which 1 assigned to S22 see above 
  therefore by elimiation this has to be S44. 3 strong G peaks in NCOCX 
  strongest at 46.4, overlap b/w 2 glycines with distinct CO - 43 assigned to CO @ 176.3 
   
45 Y Sequential contact to S44 strong, also contact to L46 
   
46 L N from Sequential contact to Y45, again CA/CB drowned in congestion 
   
49 L CO/CB/CG  from seqeuntial contact to A50,  
  difficult to pinpoint on NCACX due to  
   
50 A Sequential contact to E51 and L49 
   
51 E Key assignment in this region. 4 Es in transmembrane region 
  Other 3 assigned to E71, and E118/120 
   
  - XI - 
52 R Assignment is tentative - contact to E51 is seen in NCOCX 
  but it could also be leak because the N freq of 52 and 51 are suspiciously close 
  correlation to G53 is missing/too low s:n to detect 
   
53 G Sequential contact to A54 (tentative, potentially confusing with G99) 
   
54 A Contacts to P55 from long mix time 2D DARR (100,150ms) 
  Sequential contact to G53 (tentative) 
   
55 P Key assignment in the region. 3 Prolines in sequence 55,63 and 83 
  PG unique pair. Problem: prolines don't show up nicely on the 3Ds we have 
  GP correlation seen on the NcoCX 2D 
   
56 G Sequential contact to P55 and A57 
   
57 A Sequential contact to G56, unique b-sheet alanine shifts 
   
58 Q tentative assignment 
  Sequential contact (N) to A57, but Q spin system not detected 
   
59 L Sequential contact to Q58 (both bb and sidechain CO detected) 
  leucine in a loop has a unique chemical shift compared to other leucines 
   
60 I Key assignment in region. Only 3 isoleucines in sequence- assigned by elimination 
  I38 previously assigned. I100 assigned by unique GI pair,  
  does not show up well on the 3D datasets, but very clear on CC2Ds 
   
61 T Sequential contact to Y62 
  beta sheet threonine so CA and CB widely seperated 
   
62 Y Sequential contact to T61 and P63 
   
63 P Key assignment in the region. Only 3 prolines in sequence- assigned by elimination 
   
65 A Sequential contact to L66 
   
66 L overlaps a little with the tentative R52 
  Sequential contact to W67 and to A65 
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67 W Sequential contact to L66 and 1 contact to W68 
  67/68 are probably degenerate / very difficult to tell apart 
   
68 W one possible Sequential contact to W67 
  67/68 are probably degenerate / very difficult to tell apart 
   
69 S Sequential contact to V70 
   
70 V Sequential contact to S69 and E71 
   
71 E Sequential contact to V70 and T72 
  also extra evidence from mutation of E71 to A  
   
72 T multiple Sequential contacts to 71 and 73 
   
73 A multiple Sequential contacts to 72 and 74 
   
74 T multiple Sequential contacts to 73 and 75 
   
75 T multiple Sequential contacts to 74 and 76 
   
76 V multiple Sequential contacts to 75 and 77 
   
77 G multiple Sequential contacts to 76 and 78 
   
78 Y multiple Sequential contacts to 77 and 79 
   
79 Y multiple Sequential contacts to 78 and 80 
   
80 D multiple Sequential contacts to 79 and 81 
   
81 L multiple Sequential contacts to 80 and 82 
   
82 Y Sequential contact to 81 
  did not detect entire spin system in NCACX 
   
83 P Sequential contact to Y82 seen in NcoCX 2D 
  also assigned by elimination of prolines 
   
84 V Sequential contact to T85 
   
  - XIII - 
85 T Sequential contact to L86 and V84, unique TL pair in the sequence 
   
86 L Sequential contact to 85 and 87 
   
87 W Sequential contact to 86 and 88, there are two WL pairs in the sequence, 66-67 and 86-87 
  the W's have distinct shifts but the Ls are degenerate 
   
88 G Sequential contact to W87 
   
89 R R89 N correlation to G88, but the R89 resoances are missing from NCACX 
   
93 V The three valines 93-94-95 constitute the only 2 VV pairs in the sequence 
  the VV correlation is clear because these valines are resolved on the 3D 
94 V however it is not possible to individually assign them as separate residues 
   
95 V tentative assignment 
   
96 M tentative assignment methionine not seen in NCACX 
   
98 A correlated to G99 in long mixing time CC2Ds 
   
99 G unique GI pair Sequential contact to A98 and I100, but G 
15N frequency is 
tentative w.r.t. G53. 
   
100 I N is assigned by G99-I100 contact but I100 does not show up consistently in the NCACX 
  I100 assigned from CC2D spectra by elimination of other isoleucine spin systems 
   
101 T tentative assignment based on ST pair 
  T is close to T33 
   
102 S tentative assignment based on ST pair 
   
115 V tentative assignment based on  VG pair 
   
116 G tentative assignment based on VG pair 
   
118 E Assignment based on pH dependent motions and elimination 
120  based on other assignments of glutamic acid residues in the protein 
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Group Atom Shift SDev Assignments Notes 
      
G21 CA 46.9 0.0 1 
NcoCX - close to the D80-G79 
crosspeak 
S22 CA 62.8 0.5 3 CA, CB shifts from CC2D, unchanged 
relative to high K+ S22 CB 64.3 0.2 5 
S22 CO 174.2 0.0 1  based on high K+ assignment 
S22 N 114.0 0.1 3 
NcoCX - close to the D80-G79 
crosspeak 
A23 N 118.1 0.0 1 
Based on NcoCX, no sequential 
correlation past 23 
A29 CA 54.6 0.0 1 
 A29 and G30 are based on the high K+ 
assignment 
A29 CB 19.0 0.0 1 
A29 CO 179.4 0.0 1 
G30 N 107.5 0.2 3 
A32 CA 55.2 0.0 2 
Distinct upfield CB so the whole spin-
system can be tracked by correlation 
A32 CB 16.1 0.1 6 
A32 CO 177.4 0.0 2 
A32 N 116.7 0.0 1 
T33 CA 67.7 0.0 1 Not resolved from each other 
T33 CB 68.1 0.0 1 
T33 CG 20.8 0.0 1 resolved based on T33 N 
T33 N 112.5 0.3 4 
clearly sequetial contact to A32 in 
NcoCX 
I38 CB 37.4 0.0 3 
based on proximity to high K+ position 
in a CC2D I38 CD 13.8 0.0 2 
I38 CG1 29.4 0.0 2 
I38 CG2 17.1 0.1 4 
Sequential N-CG contact in NcaCX 2D 
I38 N 117.4 0.0 1 
A42 CA 55.4 0.0 1 
based on proximity to high K+ position 
in NcoCX 
A42 CB 18.4 0.0 1 
A42 CO 179.6 0.0 1 
G43 N 105.5 0.2 3 
S44 CA 60.8 0.1 2 
based on proximity to high K+ position 
in a CC2D S44 CB 63.1 0.1 4 
S44 CO 177.5 2.1 2 
E51 CA 57.8 0.1 4 The CD of E51 is very distinct and it 
remains unchanged between high and E51 CB 38.2 0.1 4 
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E51 CD 183.5 0.0 5 low K+  in a CC2D 
E51 CG 31.1 0.1 3 
A54 CA 50.3 0.0 1 based on proximity to high K+ position 
in a CC2D. Alanines in the loop are 
well resolved from the alpha helical 
ones 
A54 CB 18.0 0.0 1 
A57 CA 53.5 0.0 1 
 
A57 CB 21.1 0.0 1  
L59 CA 53.1 0.1 4 
L59 CA-CB is very well resolved on a 
CC2D. Assignment based on proximity 
to the high K+ position 
L59 CB 39.2 0.1 2 
L59 CD 24.5 0.0 1 
L59 CG 27.1 0.0 1 
I60 CB 38.4 0.2 4 one of three well resolved Ile in a CC2D 
I60 CD 13.6 0.2 4 one of three well resolved Ile in a CC2D 
I60 CG1 25.7 0.0 2 one of three well resolved Ile in a CC2D 
I60 CG2 17.9 0.0 2 one of three well resolved Ile in a CC2D 
T61 CA 60.3 4.4 7 
spin system resolved in CC2D and 
connected to Y62 via a sequential 
contact in the NcoCX spectrum 
T61 CB 71.6 0.3 5 
T61 CG 22.4 0.2 3 
T61 CO 173.0 0.1 4 
T61 N 108.7 0.3 3 
Y62 CA 63.6 0.2 3 
sequential contact to T61 in NcoCX and 
N-CA resolved in the NcaCX 
Y62 CB 33.9 2.3 2 
Y62 CO 173.3 0.0 1 
Y62 N 123.0 0.4 4 
E*71 CA 58.7 0.0 1 Assignment hinges on the 
disasppearance of the CD resoance at 
182.5 at low K+ and the appearance of a 
new peak at 180.2 which is clearly 
linked to a Glu spinsystem 
E*71 CB 26.8 0.0 2 
E*71 CD 180.3 0.1 4 
E*71 CG 31.0 0.8 2 
E*71 N 108.6 0.0 1 
A*73 CA 54.9 0.0 1 
sequential correlation to T*74 one of 
two split peaks in NcoCX A*73 CB 18.9 0.0 1 
A*73 CO 175.6 0.0 1 
A73 CA 54.4 0.0 2 
sequential correlation to T74. Second of 
two split peaks 
A73 CB 18.9 0.0 1 
A73 CO 176.6 0.0 1 
A73 N 119.3 0.0 1 
A73_2 CO 177.3 0.0 1 
There is a peak at the T*74 nitrogen freq 
which could be another conformation 
of A73 or could be a different long 
range contact made by the low K+ form 
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of T74 
T*74 CA 61.3 0.1 7 T74 has a very distinct nitrogen 
frequency. At low K+ there is both a 
slight shift in the chemical shift and a 
split in the N indicating that there are 
actually at least 3 differernt states 
sampled by T74. Sequential correlations 
are seen between T74-A73 and between 
T*75-T*74 and T*74-A*73 
T*74 CB 70.2 0.1 7 
T*74 CG 20.6 0.1 4 
T*74 CO 176.6 0.0 2 
T*74 N 94.9 0.4 5 
      
T74 CA 61.4 0.0 1  
T74 CB 70.3 0.0 1  
T74 CG 20.7 0.0 1  
T74 CO 176.9 0.0 1  
T74 N 98.0 0.1 8  
T*75 CA 62.3 0.1 7 
The Nitrogen and CO of T75 shows a 
large change at low K+, sequential 
contacts can be seen with T*74 and 
V*76. The second conformation T*75_2 
is only seen in the CC2D spectrum. 
There is no evidence of any chemical 
shift that resembles the high K+ form 
of T75 
T*75 CB 68.9 0.1 6 The Nitrogen and CO of T75 shows a 
large change at low K+, sequential 
contacts can be seen with T*74 and 
V*76. The second conformation T*75_2 
is only seen in the CC2D spectrum. 
There is no evidence of any chemical 
shift that resembles the high K+ form 
of T75 
Unlike T74 and T75, V76 actually 
shows a clear 2 state phenomenon 
where 1 state directly corresponds to 
high K+ and one state directly 
corresponds to low K+. Sequential 
contacts to G*77 and T*75 are seen 
T*75 CG 21.5 0.7 2 
T*75 CO 172.0 0.1 5 
T*75 N 113.4 0.1 5 
T*75_2 CA 61.7 0.4 6 
T*75_2 CB 68.4 0.4 3 
T*75_2 CG 20.2 0.6 5 
T*75_2 CO 171.9 0.0 2 
V*76 CA 64.9 0.1 7 
V*76 CB 30.0 0.1 6 Unlike T74 and T75, V76 actually 
shows a clear 2 state phenomenon 
where 1 state directly corresponds to 
V*76 CG1 19.8 0.0 5 
V*76 CG2 22.4 0.0 2 
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V*76 CO 176.7 1.3 2 high K+ and one state directly 
corresponds to low K+. Sequential 
contacts to G*77 and T*75 are seen 
Identical to high K+ shifts 
V*76 N 116.6 0.3 4 
V76 CA 66.2 0.1 5 
V76 CB 31.3 0.2 3 
Identical to high K+ shifts 
G*77 also shows only a shift instead of 
a split set of conformations. The N-CA 
peak is unresolved but G*77N-V76 CB 
& V76* CG1 seen in the NcoCX  
V76 CG1 20.0 0.1 6 
V76 CG2 22.6 0.0 2 
V76 CO 178.7 0.0 2 
V76 N 119.8 0.0 1 
G*77 CA 47.8 0.2 3 
G*77 CO 173.7 0.0 1 G*77 also shows only a shift instead of 
a split set of conformations. The N-CA 
peak is unresolved but G*77N-V76 CB 
& V76* CG1 seen in the NcoCX  
The behavior of Y78 is similar to V76. It 
exhibits two conformations with 
distinctly different N and CA shifts. 
Y78 is identical to the high K+ state 
and Y*78 is the new state at low K+. 
Sequential contacts: G*79N-Y*78CA, 
and Y*78N-G*77CA  
G*77 N 104.7 0.3 5 
Y*78 CA 57.3 0.0 4 
Y*78 CB 37.4 0.0 3 The behavior of Y78 is similar to V76. It 
exhibits two conformations with 
distinctly different N and CA shifts. 
Y78 is identical to the high K+ state 
and Y*78 is the new state at low K+. 
Sequential contacts: G*79N-Y*78CA, 
and Y*78N-G*77CA  
G79 is a complicated residue. At low K 
there are ~5 different CA peaks for G79 
in the NcaCX spectrum. One of these 
corresponds to the high K+ state, the 
others are all similar to the low K+ state  
Y*78 CO 178.0 0.0 1 
Y*78 N 116.9 0.2 2 
Y78 CA 61.4 0.1 3 
Y78 CB 38.5 0.2 3 
Y78 N 114.5 0.6 3 
G*79 CA 46.3 0.1 2 
G*79 N 100.1 0.2 4 G79 is a complicated residue. At low K 
there are ~5 different CA peaks for G79 
in the NcaCX spectrum. One of these 
corresponds to the high K+ state, the 
others are all similar to the low K+ state  
G*79_2 CA 47.3 0.1 2 
G79 CA 45.4 0.0 1 
G79 N 100.4 0.0 1 
     
 
D*80 CA 54.8 0.0 2 D80 shifts a little bit and blurs into two 
conformations at low K+. The two 
states have very similar chemical shifts 
D*80 and D*80_2. Sequential contacts 
D*80 CB 37.0 0.1 8 
D*80 CG 179.0 0.0 2 
D*80 CO 175.7 0.0 2 
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D*80 N 114.2 0.3 3 D*80N-G*79CA 
D*80_2 CA 55.2 0.0 1 
D*80_2 CB 36.3 0.0 1 
L81 CB 42.8 0.0 1 
Proximity to high K+ state and L81-
D80 contact 
L81 N 116.9 0.1 2  
Y82 CA 55.4 0.1 2 
Y82 spin system is well resolved on a 
CC2D and the chemical shifts are close 
to the high K+ state 
Y82 CB 35.9 0.0 1 
Y82 CG 171.7 0.0 1 
Y82 CO 172.0 0.0 2 
V84 CB 32.4 0.1 3 
Resolved on a CC2D and similar shifts 
to high K+ V84 CG1 18.1 0.0 4 
V84 CG2 21.1 0.1 3 
T*85 CB 72.1 0.1 2  
T*85 N 114.9 0.0 1  
T85 CA 60.5 0.1 8 
Resolved on a CC2D and similar shifts 
to high K+ and seq contact to L86 N 
T85 CB 72.3 0.3 8 
T85 CG 22.6 0.1 2 
T85 CO 174.3 0.0 4 
T85 N 115.4 0.1 3 
L86 N 121.0 0.0 1 Sequential contact to T85 
A*98 CB 18.1 0.0 1 
ambiguous A*98CB-G*99CA longrange 
contact 
G*99 CA 48.4 0.0 1 
ambiguous A*98CB-G*99CA longrange 
contact 
I100 CA 59.6 0.0 1 
Based on the CC2D and proximity to 
high K+ 
I100 CB 34.7 0.1 3 
I100 CG1 25.5 0.0 4 
I100 CG2 16.6 0.0 2 
 
Table I. Logic for the assignment of site-specific resonances at low K+ (0.2 µM K+, pH 
7.5). The collapsed state chemical shifts are indicated with *. The standard deviation is a 
reflection of how reproducible the chemical shifts are across the different spectra and is 
calculated by SPARKY using the average chemical shift (!) assigned across all spectra 
for a particular resonance and the usual definition of a standard deviation. !"#  !"# =(!!!)!!(!!!)  
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A4.1 Atomic Absorption Spectroscopy  
Samples were sent to Robertson Microlit Laboratories in New Jersey for atomic 
absorption spectroscopy, specifically ICP-OES analysis, which stands for Inductively 
coupled plasma atomic emission spectroscopy.  
 
The basic principle of ICP-OES is that inductively charged plasma, which is like a torch, 
is used to desolvate, vaporize and excite the electrons in atoms of the sample. The 
analyte concentration is then determined using the intensity of observed using emission 
lines that are calibrated using standard solutions. 
 
The ICP-OES instrument that was used on our sample has a K+ and Na+ sensitivity of 
0.1-1 ppb (i.e ~2.5- 25 nM for K+) However, given the difficulty in preparing low K+ 
solutions to calibrate the instrument, the typical error in a measurement is of the order 
of ~10 ppb i.e. (~0.25 µM for K+). A more sensitive instrument to measure 
concentrations is the ICP-MS, which used mass spectrometry and can quantify well into 
the low ppb range. However, this instrument was not available. 
 
The samples consisted of both liquid buffer supernatants of the solid-state NMR pellet 
and the solid pellet. Typically ~300-500 µl of supernatant were sent for the analysis and 
~20-50 mg of the pellet were sent for analysis. Results from the analysis were always in 
ppm units. A summary of the results is in the tables below. 
 
 
STANDARDS   
Sample K+  (AA) Na+ (AA) 
DI ND ND 
DI+ 3mM KCl 122ppm/3.12 mM ND 
DI+ 3mM NaCl ND 71ppm/3.08 mM 
  
Appendix 4. Supplement to Chapter 4  
Table II. Results from standards sent for 
calibration 


















 ppm µM ppm mM ppm mM mg  ul mM  
pp
m mM 
0 uM 0.007 0.18    50 1.3 22.8 100 3.1 0.41 730 31.7 
0 mM 8 200.5 533 23.2 477 12.0 20 50 5.3 2.3   
5 uM 0.2 5.0   91 2.3 22.8 100 3.1 0.75 456 19.8 
50 uM 1.7 42.6   132 3.3 22.8 100 3.1 1.1 617 26.8 
3 mM 122 3057.6   1059 26.5 20 50 5.3 5.0   







The AA results were converted into an K+:KcsA ratio using the following calculations. 
 
Supernatant [K+]AA = 1.7 ppm = 1.7 mg/L 
mol.wt of K+ = 39.9 g/mol 
 
Supernatent [K+] in mM = (1.7 mg/L) . (1 g/1000 mg) . (39.9 g/ mol K+). (1000 ml/ 1L)  
    = 0.043 mM 
 
Pellet [K+]AA = 132 ppm 
Pellet [K+] in mM = (132 mg/L) . (1 g/1000 mg) . (39.9 g/ mol K+). (1000 ml/ 1L) 
       = 3.31 mM 
 
The biggest error in the ion : tetramer measurement probably comes from our 
estimation of the amount of protein in the rotor. The protein estimates below come from 
Table III. Results from AA analysis of WT KcsA over 2 different runs 
E71A mutant CHANNEL 
[K+] 
added 










Na+ pellet (AA) 
 
ppm uM ppm mM mg ul mM tetramer ppm mM 
0 uM 0.01 0.251 44 1.103 18 100 2.39 0.46 462 20.087 
5 uM 0.3 7.519 144 3.609 18 100 2.39 1.51 438 19.043 
50 uM 2 
50.12
5 166 4.160 18 100 2.39 1.74 415 18.043 
Table IV. Results from the AA analysis of mutant E71A-KcsA. 
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UV absorption of KcsA suspended in detergent before reconstitution into liposomes. I 
also typically took a UV spectrum of the supernatant above the liposomes after 
pelleting to ensure that there was no residual protein in it. The process is detailed in 
chapter 6.  
The error in the UV measurement is estimated to be ~0.2 units. This is based on 
the variance between measurements of the same protein solution at various 
concentrations. There is probably also an error in the extinction coefficient and a 
pipetting error in the volume of protein pipetted. The latter, however, is probably 
insignificant due to the large volumes used. Finally, not all of the protein liposome 
pellet gets efficiently transferred into the rotor because much of it sticks to the edges of 
the eppendorf tubes, so we additionally loose protein in that step. 
 
Protein in pellet (from initial UV measurement) 
UV Abs280-320 = 1.7 ± 0.2 (6X diluted) 
Volume of protein used = 4 ml 
Extinction coefficient for KcsA = 33570 /M/cm 
Mol.wt. of KcsA monomer = 18,790 g/mol (including the His-tag) 
 
mg of protein = 1.7  A. u.× 133570  A. u.M!!cm!!× 11  cm   × 18790gmol × 1000mg1g × 1  L1000  ml×  4ml×6 
 
Milligrams of protein = 22.8 mg ~23 mg     
Error in the protein amount ~2mg 
 
Moles of monomeric protein in the sample = 23 x 10-3 g/18790 g.mol-1  
          = 1.144  ± 0.2 µMols 
 
Volume of the sample ~ 100 µl ± 10 µl 
 
The volume of the ssNMR sample is another significant source of error in this 
calculation. This volume of 100µl is estimated based on several pellets after 
precipitation. Typically for a sample with 20 mg protein and 20 mg lipid, the total 
sample volume is ~ 100 ul and it weighs approximately 100 mg. Most of the volume is 
taken up by buffer, even at 95% hydration. Our methods to pack the rotor with a 
liposome pellet are not precise, but we typically pack ~30 µl of liposomes into a 3.2mm 
rotor and ~50 µl into a 4mm rotor. 
 
So concentration of protein monomer = 0.0114 ± 0.002 M 
Concentration of tetramer = 0.0028 ± 0.0005  M = ~ 2.8 ± 0.5 mM 
Ion: protein ratio = 
 ! + !"  !"##"$  !"#$  !!  (!")!"#$  !"!#$%"#   (!") = 3.13  !"~2.8  ±   0.5    !" = ~1.1  ± 0.3 
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A4.2 Titration curves: Extracting Populations 
The relative populations of the two conformers used in the curves shown in chapter 4, 
were obtained by analyzing the intensities of resonances of the two conformers using 
SPARKY.  
 
The peaks were picked based on previous assignments of the high K+ and low K+ 
frequencies and centered around the chemical shift assignment. The peaks were then fit 
iteratively to a Gaussian lineshape until the residual between the experimental data and 
the fit data was minimized. In order to get the population, the total integrated area 
under the Gaussian fit was used. An alternative method to extract the population was 
based on the maximum intensity of the peak at the assigned frequency.  
 
A 2-state model was assumed for all sites, so the total population of the high K+ and low 
K+ conformers was set to 1 and the relative populations of these two states was derived 
based on population ratios. This gave us a fractional population of the two states 
ranging from 0 to 1. The normalized populations were then fit to the Hill Equation.  
 
A4.3 Error-bar estimation for the titration curves 
 
For integrals: Since the method of choice was to fit the marker peak on a 2D to a 
Gaussian and then integrate the Gaussian analytically to get an area, the error for each 
integral was assumed to be the RMS error of the lineshape fit. The RMS is calculated by 
using the relation below. 
 
!"# = 1! (!"#)! − (!"#)!!!!!  
 
This RMS error of the fit was then propagated through using standard error 
propagation techniques shown below to  
 
For example, for the Valine 76 CB-CG peaks at 0.182uM 
For the low K+ peak: 
Fit RMS% from SPARKY = 2.2% 
Volume = 5.60E+08 
Volume Error = 2.2% x 5.60E+08 = 1.23E+07 
For the high K+ peak: 
Fit RMS% from SPARKY = 1.3% 
Volume = 2.29E+08 
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Volume Error = 2.2% x 5.60E+08 = 2.98E+06 
 
Total volume (high K + low K) = 5.60E+08 + 2.29E+08 ±√(1.23E+07)2+(2.98E+06)2 
Error in total volume = 1.27E+07 
Relative population of high K+ state = Volume of high K conformer / Total Volume 
 
Error in population of high K+ state = √(error in volume of high K/Volume of highK)2 + 
error in total volume / Total Volume)2 = 0.026 
 
Therefore for V76 CBCG at 0.182uM the relative population of the high K state is 0.29 ± 
0.03 
 
For intensities: The error in this value is determined by the noise threshold of the 
spectrum, which was determined by taking an average of 1000 randomly chosen points 
on the 2D surface in the region where there was no signal from the protein, using the 
(st) command in SPARKY. The errors in the intensities are represented as ± relative 
noise threshold. 
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Condition Date /NB ref. Instrument/Probe Useful Spectra  




HXY1 4mm probe 
VT = 240K, MAS 12 KHz 
CC2D 50ms mixing, 
NcaCX 2D, NcoCX 2D 




HXY-Efree 3.2mm probe 
VT = 240K, MAS = 20 KHz 
CC2D DREAM, NCA 2D 




HXY1 4mm probe 
VT = 240K, MAS 12 KHz 
CC2D DARR 50ms,  
NCA 2D 




HXY1 4mm probe 
VT = 240K, MAS 14 KHz 
CC2D DARR 25ms 




HXY1 4mm probe 
VT = 240K, MAS 14 KHz 
CC2D DARR 15ms 




HXY1 4mm probe 
VT = 240K, MAS 14 KHz 
CC2D DARR 15ms 
10 mM K+, pH 7.5 April-08  
NB1 p72 
900 MHz 
HXY 3.2mm probe 
VT = 235K, MAS = 10 KHz 
CC2D DARR 15ms 




HXY1 4mm probe 
VT = 240K, MAS 14 KHz 
CC2D 15,50ms mixing, 
NcaCX 2D, NcoCX 2D 




HXY-Efree 3.2mm probe 
VT = 230K, MAS = 20 KHz 
CC2D DARR 25ms 
Table A4.1 A summary of the useful spectra/samples from which data were taken for 
the titration curves.  
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A4.4 The effect of using integrals vs. intensities to extract relative populations 
 
Figure A4.1. Raw titration curves for all the measureable marker peaks in the selectivity 
filter of KcsA including T74 Cα-Cβ and N-Cα, V76 Cα-Cγ, and Cβ-Cγ and G79 N-Cα. 
The filled and colored markers show the relative populations derived from a Gaussian 
fit of the integrated intensity of the corresponding peak with the error bars representing 
the RMS residual between the best fit and the experimental lineshape. The open circles 
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assigned frequency for the two conformers and the black error bars represent the ± the 
noise-floor for each spectrum from which the data were acquired. 
Conclusions from this analysis 
1) Population measurements from 2D-DARR spectra are in general more reliable 
than DCP spectra. This is probably because the DCP cross-peak intensity is 
dependent on the 15N-13C transfer efficiency, which is a notoriously narrow 
condition and is very sensitive to instrument instabilities. 
2) In general if the results from the intensities and the integrals don’t agree, then the 
data are not reliable because of the magnitude of the error bars. This is the case 
for Y78Cα-Cβ and for T74 N-Cα 
3) The intensity measurement probably gives us a better sense of the error because 
it is directly related to the noise threshold of the spectrum.  
 
A4.5 Choosing the functional form of the equation: 
There are two forms of the Hill equation that could be used to fit the data.  
         (Eq. 1) 
          (Eq. 2) 
 
Kd in equation (2) is the apparent equilibrium dissociation constant. The Kd* in equation 
1 is the ligand concentration at which half of the binding sites are occupied, or the 
microscopic dissociation constant. Typically, for a good fit, either of these equations can 
be used and Kd = Kan. However, the fitting program treats the two forms very 
differently. When equation (2) is used, the extracted value for Kd is not robust and 
seems more like a correction factor. When Equation 1 is used, the fit is robust. This is 
probably because, for n ≠ 1, the units for Kd* and [K+] are consistent in equation 1 but 
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Figure A4.2. In the figures above, the relative population for G79 N-CA is plotted 
against the [K+] expressed as either mM (on the right panel) or uM (on the left panel). 
The same data were fit with both Equation 1, (A) and (B) and Equation 2, (C) and (D). 
From (C) and (D), you see that in when the normal form of the Hill equation (Eq. 2) is 
used, the fit yields a Kd of 18.1 uM and 2.4 uM for the same datasets depending on the 
units of the X axis.  This shows that the functional form of Eq. 2 is not very robust to the 
fitting algorithm. However, when the exponentiated for m of the hill equation (Eq. 1) is 
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A4.6 Studying the covariance between Kd and n 
Kd and n are not completely independent variables in the fit. The quality of the fit 
depends on whether the hill coefficient is fixed or not, and the optimal fit has the 
minimum ChiSq but not necessarily the minimum error in Kd. The difference in ChiSq 
between the best fit (n=0.43) and the fit where n is forced to 1 is ~ 15X indicating that an 
n<1 is necessary to fit this data. However, the Kd itself does not vary very much as a 
function of n. 
  
 
Figure A4.3 Interdependency of n and Kd in the Hill equation version shown for the V76 
CB-CG high K+ conformer. In (A), n is fixed at a various different values between 0 and 
1 and the curve is plotted. From these curves, it is clear that an n of ~0.4-0.5 fits the data 
the best. In (B) the value of the χ2 and the reduced χ2 is plotted as a function of a fixed 
“n”. You see that both these fitting statistics show a sharp minimum around n = 0.4. In 
(C) and (D) the Kd and the error in Kd are plotted against the fixed hill coefficient. Both 
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A4.7 Calculating the Lipid:Protein Molecular Ratio 
A 1:1 wt:wt lipid:protein ratio corresponds to a 100:1 molar ratio of lipid to protein. This 
ratio was chosen to ensure that the bilayers are still intact while trying to add as much 
protein as possible into a rotor. Under our sample conditions, each KcsA molecule is 
surrounded by ~100 lipids. A simple calculation (details below) shows that we have ~ 
1.4 layers of lipid separating each molecule of KcsA from the next one in the bilayer. 
While this ratio is much lower than electrophysiology is still enough to shield the inner 
selectivity filter residues from intermolecular interactions with neighboring molecules. 
We have also taken Cryo-EM images of the solid-state NMR samples, which confirm 
that our samples contain intact liposomes and these are shown in the Methods chapter.  
 
Calculation: 
Based on the crystal structure the membrane-embedded part of the channel has an outer 
diameter of KcsA is ~60 Å, so the circumference is ~ 190 Å. (from PDB 1K4C). A lipid 
head group has ~6 Å diameter, so its radius is ~ 3 Å and circumference is ~ 19 Å. (from: 
general chemical structure of lipids Lipids) 
 
So, 
1 layer of lipids around each tetramer of KcsA, would have a circumference of 2.π.(30 Å 
+3 Å) = 207 Å.  
 
Assuming that the lipids are cylinders, n.(d-lipid) = 207 Å, so n(6 Å) = 207 Å, and  n 
~35.  
 
So, 1 layer of lipids would contain ~35 lipids in each leaf of the bilayer around the 
protein and ~70 lipids in all. 
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A4.8 Guoy Chapman Calculations 
To estimate the local concentration of K+ using Guoy-Chapman theory,  
 
(1) We need to first estimate the surface charge density of for the liposome surface in 
our system. 
 
Since the ratio of DOPE:DOPS is 9:1, and at pH 7.5, we expect DOPE to be neutral and 
DOPS to be negatively charged. Using their molecular weights (744g/mol, 810g/mol), 
and the assumption that the molecular area per phospholipid is ~70 Å2 , we estimate 
that the surface charge density (σ) = -2.08 x 10-20 C/ Å2 
 
(2) Use Guoy-Chapman to calculate a surface potential (Ψ0) from the surface charge 
density. !"#ℎ !!!2!" = !8!!!!"[!] 
Where, F is faraday’s constant = 96845 C/mol, R =8.31 J/K.mol and T = 283 K are the 
usual gas constant and temperature, [C] is the ionic strength of the electrolyte, in our 
case since the buffer has 0.05M of Tris, K+ and Cl-, the ionic strength is 0.075 M. and σ is 
the surface charge density calculated above. 
 
Using this relation, Ψ0 for our solution (ionic strength = 0.075 M (Tris+K++Cl-) at ~283 K 
is -35.26 mV 
 
(3) Calculate the reciprocal Debye length (κ) in our buffer system (50mM Tris/50mM 
(KCl+NaCl)) 
 ! = 2!![!]!!!!" = 1/1.09  !" 
Where [C] again is the overall ionic strength of the buffer which is 0.075 M 
 
(4) Calculate the potential (Ψ(x)) at any given distance x from the bilayer  
 ! ! = 2!"! . !" 1+ !!!!"1+ !!!!"  ! = !!!!!!" − 1!!!!!!" + 1 
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Where Ψ0 is the previously calculated surface potential, and κ reciprocal debye length. 
The results are shown below. This potential doesn’t really vary with the different K+ 
concentrations since we are replacing K+ with Na+  to keep the ionic strength constant. 
 
x in meters 
Ψ(x) in 
mV 
1.00E-10 (1 Å) -149.87 
2.00E-10 (2 Å) -116.28 
5.00E-10 (5 Å) -72.46 
1.00E-09 (1 nm) -41.17 
2.00E-09 (2 nm) -15.68 
5.00E-09 (5 nm) -0.99 
1.00E-08 (10 nm) -0.01 
 
 
(5) Assume that the K+ concentration at a distance x from the bilayer surface will follow 
a Boltzman distribution in the electrostatic potential field. 
 ! ! =   !!!(!!" !!" ) 
 
Where Kb is the bulk K+ concentration and K(x) and Ψ(x) are the local K+ concentration 
and the potential at a distance x on top of the bilayer. 
 
For example if Kb = 0.182 uM (the lowest K+ concentration we have) 
x psi(x) K(x) mol/lit 
1.00E-10 -0.15 8.68E-05 
2.00E-10 -0.12 2.18E-05 
5.00E-10 -0.07 3.59E-06 
1.00E-09 -0.04 9.91E-07 
1.50E-09 -0.02 3.47E-07 
2.00E-09 0.00 1.90E-07 
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A5.1 Hydrogen bond details around E71 from crystal structures  
 






     
E71 Cδ-O1 H2O #1 2.8 2.8 Since E71 Cδ-O1 is 
accepting from both 
water and N-H, it 
must be the carbonyl 
end of the sidechain 
“ Y78 N-H 3.0 5.8 
“ D80 Cγ -O1 3.4 3.3 
“ D80 Cγ -O2 4.9 4.2 
“ W67 Ne 4.9 3.9 
     
E71 Cδ-O2 D80 Cγ -O1 2.6 2.5 Unclear, either E71 
Cδ-O2 or D80 Cγ-O1 
must be protonated 
“ W67 Ne 3.2 3.3 
“ D80 Cγ -O2 3.5 3.5 
“ H2O #1 3.5 3.6 
     
D80 Cδ-O1 E71 Cδ-O2 2.6 2.5 Unclear, but given the 
proximity to D80 N-H, 
possibly 
deprotonated. 
“ D80 N-H 2.7 2.6 
“ H2O #1 3.1 3.1 
“ E71 Cδ-O1 3.4 3.3 
     
D80 Cδ-O2 H2O #2 2.6 3.2 D80 Cγ -O2 seems 
essentially solvated 
and probably not 
protonated 
“ W67 Ne 3.0 3.3 
“ E71 Cδ-O2 3.5 3.5 
“ E71 Cδ-O1 4.9 4.2 
 
Table A5.1. Hydrogen bonding distances in the conductive state and collapsed states of 
the selectivity filter of KcsA shown corresponding to the geometries in Figure 5.1. The 
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1 2IH3 1.72 1 2 3.0 3.4 3.0 5.2 6.8 7.5 
2 1R3J 1.90 1 1 2.8 3.4 3.2 5.3 6.8 7.1 
3 2HVK 1.90 0 0       
4 1K4C 2.00 1 0 2.8 3.5 3.1 5.3 6.6 7.2 
5 1S5H 2.20 1 0 2.8 3.4 3.1 5.2 6.7 7.3 
6 2H8P 2.25 0 1 NA NA NA NA   
7 2HFE 2.25 0 1 NA NA NA NA 7.1  
8 1K4D 2.30 1 1 2.8 3.6 3.1 5.1 7.4  
9 1R3I 2.40 1 1 2.6 3.6 3.2 5.3 6.7  
10 2IH1 2.40 1 2 3.2 3.8 2.9 5 6.7 7.4 
11 2JK5 2.40 1 2 2.8 3.6 3.2 5.3 6.6 7.1 
12 2W0F 2.40 3 4 2.8 3.5 3.1 5.2 6.9 7.4 
13 1R3L 2.41 1 1 3 3.7 2.9 5.1 6.7 8.3 
14 2DWE 2.50 1 1 3.5 3.5 3 5.1 6.6  
 
Table A5.2. A summary of the conserved water molecules in all the deposited crystal 
structures of KcsA at a resolution of 2.5 angstroms or better as of Feb 2012 is shown and 
the heavy-atom distances between the oxygen of this water and the sidechains of E71 
and D80 are listed. 11 out of the 14 structures (~80%) contain a water molecule proximal 
to both E71 and D80. 
 
 




M9 minimal media 1 L, adjust to 1L with sterile water 
10X M9 Buffer 100 ml 
1M MgSO4  2 ml 
1M CaCl2  100 µl 
Ampicillin/Kanamycin 100 mg/ 25 mg 
Solution C  20 ml 
Vitamin Stock 500 µl 
Thiamin  200 µl 
15NH4Cl  0.5 g 
13C Glucose  2-3 g 
Proline (if necessary) 1 g 
	  
M9 Buffer (10X), 1 L autoclave separately 
Na2HPO4·7H2O            128 g 
KH2PO4                         30 g 
NaCl                5 g 
	   	  
Solution C, 1 L, adjust pH with 5 M KOH to 6.7  
KOH                 7.3 g 
Metal 44                50 ml 
Nitrilotriacetic acid                10 g 
MgCl2·6H2O                24 g 
CaCl2·2H2O                             3.335 g 
	  
	  
Metal 44 solution, 100ml, Store in dark glass bottle at 4 °C  
K2EDTA·2H2O    0.327 g 
ZnCl2      0.522 g 
Appendix 6 – Buffers and Media   
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FeCl2·4H2O     0.502 g 
MnCl2·4H2O     0.18 g 
(NH4)6Mo7O24·6H2O   0.0185 g 
CuCl2·2H2O     0.0156 g 
Co(NO3)2·6H2O    0.0248 g 
Boric Acid     0.0114 g 
	  
Vitamin stock, 50 ml, keep in fridge in dark 
Nicotinic acid   0.5 g 
p-Aminobenzoic acid 0.05 g 
Biotin    0.005 g 
 
Thiamin (0.01 g/20 ml), make fresh. 
 
 
 
